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FOREWORD

The objective of the National Aeronaut.i_ and Space Administration's
Technology Utilization Program is to identify, document, and transfer to the
national economy the technical advances re._ulting from our space and lv_.search
programs. These innovations, when r,_'operlyapplied in industry and business,
hold great promise for impro:-ing our everyday life and contributing to the
prosperity of the nation.

We believe that the knowledge, progress, and advances associated with
aerospace technology contain major potential for industrial applications. The
content and method of presenting symposimn papers by Marshall and selected
contractor perso_mel hare been desiga_ed to transfer an awareness of at least
some new technology to attendees in nonaerospace fields.

"_VF.RNHER VON BRAUN

DmzffroR. aeo_'qeC. Mamhall 8pace Flight Oeater
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1. Nonspace Technology Resulting From the NASA
Fluid Connector Programs

F. O. RATHBURN, JR., AND L. G. GITZENDANNER

Advanced Technology Laboratories, General Electric Company

Leakage at static seals is a problem common to both NASA and industry. Tile subject
of all intcnsive invesng;ttion has been the establi:'hing oi _!9_i;,q_,criteria for reliqhle, It)w-
weight, leak-tight flL!d connectors. The problem has bten broken into areas of investiga-
tion : the structure which supports tim actual seal and the veal itself.

A Separable Ccmnect_n" Design Hnndl_ook has been written to direct designers" efforts
toward the _l_timuln connector (h,sign for a given l)tlrpose. Included in this paper is a brief
(lis('ussi(m of the topics covered in t no llandbook, notable flanged eonne('t,r design, thread_.,d
connector design, pressure energized seal design, leakage mea_urement techp.iques, and a
catalog of current satisfactory seal configurations.

Also included in this paper is a discussion of the principles of sealing, including the
t,ses and characteri._tics of elastomer._, plastics, and metals, q'he load-leakage character-
istics of seals, the effect of internal pressure, the effect of surface finish on the leakage rate,
lhe mode of material deformati,,n under load. and the adwmtages of various seal oon-
figurations are discussed.

In nearly all industrial applications where conditions for pensonnel, as in the case of some

fluids, either liquid or gas_ are transported, the chemical plant applications. In still other cases,
problem of leaks exists to some degree, a leak, becaus- of its velocity in exiting from
Whaher the equipment is a steam turl)ine, the system_ or be'ause of its chemistry_ may
where the tolerable leakage between flanges may result in cat_trophic destruction of equipment,
be of the order of l)ounds per hour, or a super- as is the case in some conll)ustion gas leaks. In

sonic aircraft, where toleral)le hydraulic fluid still other ca_s_ such as deep space vehicle
le,,kr,ge is le:s_ than 1!)-'° cc/sec, or in Sl)aCe operation_ the major prol)lem may be merely
vehicle apl)lication _where the tolerable leakage the retention of virtually all of the working

limit may be as low as 10-s ann co/see, the prob- fluid, because loss of fuid would jeopardize

lem of reducing leakage from fluid systems per- completion of the mission.

sists. Few areas of industry have totally con- NASA, through its headquarters in Wash-

quered the problem. Where the problem has ington aud the George C. MarshaP Spa_'e Flight

been conquered, extreme reliability of the equip- Center, has sI)onsored two p_ :,grams x_ith the
meat has resulted, as in the case of cold controls goal of reducing the leakage problem in acre-

for home refrigerators, where any measurable space _tpplications. One program had as ita

leak:,ge would ('a,l_ drift in calibration and to() _oal the establishment of the fund_unentals of 1¢

short a life to I)e a"ceptable. The effects of leak- separable fluid connector designs; the other pro-

age in some systems m'ty be only a slightly re- gram had as its goal the development of new

duced efficiency of the overall equipmePt and (and improvement of ,)ld) methods for the

may, be,-ause of that, be overlooked. In other fabrication_ testin K, an(t inspection of sepat':d)le_

cases, the loss of some fluid may create unsafe semi-1)erntanent , and permanent fluid connec-
1
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8YMPOSIU]K ON TECHNOLOGY STATUS AND TRENI_

tors for aerospace application. Although the that of the substructure. Since the capacity of
programs have been dir -,cted primarily toward the seal to limit leakage is sensitive, to a certain

applications wherein lightness of weight of the extent, to reduction of sealing load -(and a hos-
connector and leakages of extremely low levels tile environment would usually i)rcmote roluc-
are involved, the goals also include extreme re- tion in load), the structural problem becomes
liability, best utilization of equipment and acute with regard to maintenance of load.
material, and reduction in cost. The latter three Further complicated by the problems of light-

, goals are applicable to all industrial and com- ness of weight and extreme _._mperature and

mercial applications; the first two may also be vibration environments, the structural problem
applicable in some circumstances, requires great, sophistication of analysis and

While the investigations under the two pro- synthesis.
grams have not been completed, the efforts have To facilitate the de._ign of separable connec-

yielded a great deal of useful information and tors for arbitrary applications, a Handbook for
new design concept. Separable Connector Design has been written.

The overall problem o_ fluid connector design In it, both the sealing problem and the struc-
can be broken down into two separate investi- tural problem are c_nsidered. The goal of the
gations which, although allowing efficient means Handbook is to reduce all available information
of study, are coupled strongly together in the and design techh;'tues to the stage where, given

overall hardware. It is the purpose of this a set of conditions to be met, a designer can
paper to outline, in both of thes_ areas of in- effect a configuration and combination of ma-
vestigation, those aspects and results which terials so th_.t hi,: requirements will be fulfilled.
should prove most helpful to industry at large.
The scope of investigation and the results pre- TENTATIVIgHANDBOOKFOE$EPARAILI-ECONNECTORDESIGN

sented here constitute but a small part of the Tl_e _-%_ndbook is organized, into seven chap-
overall investigation. Results published to dart t_rs, the titles of which are listed below:

are available in the documents cited, in the Chapter I Fundamental Consideration
appendix, of Separable Connector

The two subareas of investigation are tkose Desiga
of (1) the attainment of the seal, apd (2) the Chapter II Flar,#'e Connector Design

substructure which supports and maint.fins the Chapter III Th_e:-,:!p.( Connector De-
seal. In any separable fluid conner _" the sign
barrier to fluid leakage is effected by L _ main- Chapter IV Pres_ar,_: Energized Canti-
tenance of two surfaces in contact. Tt.e sur- lev,-_- 3eals and Hollow

faces may have varied configurations, be con- _'..,._,,_._._:".O-Rings

structe_d of many different materials, may vary Ch._pter V L,_:,!.=_,_,eMeasurement
in number, and may require different loads _,r "--,. imiques
stresses to hold them in place. The investiga- Chapter V,' :,i_erial Properties and
tion of the relative value of different materials, Compatibility

the effects of internal pressure on the leakage, Chapter "V._[ Catalogue of Seals

the effects of the surface finish_ a.nd. the stress With regard to the two basic problems of seal-
and load requirenmnts (both initially and there- in_ and structcral integrity, Chapters I, V,
after during the operational life of the cermet- and VII deal largely with the sealing problem,
tor) constitute the se_] study, and Chapters II, III, V, and VI deal with the

Since it is generally possible for a given seal- structural problems, although for the complete
ing syste.rn to red.ace the leakage flow under an connector design, both groups of chapters must

arbitrary pressure to a prescribed tolerable limit be called upon.

if enough load is initially available, the problem Through the use of sample pages and dia-
of the development of that load and the main- grams from the Handbook, the structural as-

tenance of that load comprise the second study-- peets of the problem and their proposed solu-

i
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APPLICATION" OF NASA :FLUID CONNEC'I_R PROGRAMS 3

tions will now be discussed. Thereafter, the liminary design based on sound log,c and sire-
sealing problem will be discussed, based on me- plified stress analysis, then of analyzing that
terlal from the Handbook and on graphical design and determining the stIess levels in the

and ptlotogr: :,'tic experimental results. --_ _---_,N_.0,,

STRUCTU#AL PROBLEM

Flanged ¢onnecto, Design

Flange connectors primarqy used for larger .°- 2__°,,,o_..... ., ,o _....

diameter systems allow the use of bolts and nuts .....
(or studs) to carry the pressure loads of the /
system and also to develop any _aling loads re- -_-_-_
quired to effect a leak-tight connector. Four

variations in design are possible. Should no _ ,"_,,',...u

alinement problem be present in the assembly

of the system, both flar,ges may be integral _\\\_/.0.o,_

(welded) to the ducting which carries the fluid.

Such a design allows identical construction _0,.._.,.

(and hence design technique) to be utilized on _ _ ,_--_. /

each flange. Where difficulties arise in aline- _:*,-_ _-_'_ ,_,.0 o_
ment of the bolt holes, then one flange must be -]--- _'___" ",',_ '

of the free or floating type that can be rotated l ,,_,. 0.,_-_ _- __o.
to provide alinement of the bolts. In each of 7

these designs, the loads carried by the bolts in i"

tension must be balanced by 4ompressive loads _. - i

across one or more components of the connector. ---
As a minimum, the compressive load mus'cbe FmvRz 1.--Integralflanges, single load path.
carried at the seal interfacc. In some cases, be-

cause of excessive bolt loads required, due to I"_'°"_" i__ I'- _2__--either pressure or sealing requirements, the re- ,_o o.00,,,_ - _J_
/////, ',_ _ \ \ "x "l

sultant bolt loads cause excessive rolling of the _ / ..... _\\\

flanges when one load path is present. ]n such I //((///f
cases it may be necessary to provide an alternate , ',////, \\\\\_lI

load p_th outside the oolt circle for the preser- I _.\\_1

vation of the elastic geometry of the flange. I _////_ :.,\'_\\_
The four combinations of design are shown in I _' "0'" '0' _/___ 2_,_',._
figures 1 to a. All four combinations require I *'_'" _0**%'_
modifications of a basic design procedure; each l .......
is covered by the Handbook techniques. 77-f72'

To conAder all the _,t._sses that exist under _ _//S_/_ x_,_'_"
the loadings present in a flanged connector op-

eration, sophisticated elastic analysis must be °'°''N _/j//_"
called upon. Included are not only the uniform _
membrane stresses due to the internal pressure, i

but als° the bending stresses existing in ':he I i_ ""'; ":;',,.o,,, ]

many different components of the overall con-

hector, namely, ducting, hub, flange, and bohs.

Because of this required sophistication, direct

, synthesis methods are not feasible. Rather, the
approach necessary is that of establishing a pre- FmuP,E2.--Integral flanges, alternate load, path.

-4
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APPLICATION" OF NASA FLUID CO.,TNECTOR I_OORAMS 5

Nut

connector. Evaluation of the stress !evels, with _ u.lo.
rcgard to their acceptability, provides a cri- Fl.. # . ___

terion _or perturbations on the original design. _,J ' F__ _....______
Tube _ I _t. ube

Again, based on _pecified r,fles, the initial de- e _

sign is altered, and a second v.tress a_nMysisis t -s.._
accomplished. After a few iterations, the de- 4 ...............
sign of the fange can be optimized. While the L -J

details of the analysis and the total number of ---_L =_manipulations required for establishing the
initial design would not be of direct interest

FIou_tz6_Typ/va/t_r_.aded-eonnector
here, the simplicity of establishing t!-,e initial confiq'_ratimt.
design can be shown by a display of a sample

page from the Handbook, shown in fig_;¢ 5. turbation of the design parameters to optimize.
l_readedConneclo,Design the configuratign. A threaded connector, which

Because of thv sophistication required in an has many more po_ible variations in config-
analysis of a threaded connector, the same tech- uration due _o the large number of seal con-
nique of establishment of initial design is used. fignr_tions available, is assumed to be made upof three basic concepts, namely union, nut, and
followed by analysis of the design, and then per- flange (fig. 6). Each component, although

varying in dimension, will have essentially a
(._a,_._.,_,.,,c_._._L,_,,,.5,°___= given shape. The seal, wl',.;chmay vary from

•_N ,.,2 connector to connector, we1 require certain
" -_ ° "---_ loads to be admini_x_d to it by the structural

_._._t_.2.,.¢_..-,_._.,_._.._.,._,_,,-.0.-..,_,_,.7_, components. The c_upling between seal andindic_i,_ ,,,boltrite oi I/2 in. in C_unn (2).

4.,_ connector is o_ of load development and re-
,,,_.o,_..,,. :_3) *_'-_ t_ntion. Figure 6 shows the basic configura-
_:_,_ _,..-_., b,_.._._ _, _._,._,_. ,; tion considered wiT.h regard to the threaded

n. ,._ *35_. connector.
_*"'_'_" _"*_"*_"_"_" While the ¢,-tails of the preliminary design

_-t-o_,- _-(,.s_. 40._°. and the analysis of that design are not covered
.,_.,_,_._,._._,,_.._.._o,.S_.._,._,.,_,. in"this paper, a feeling for the complexity of

_ _.,_. _,_,_--.c_a)_, the prob!_m can be gained from th_ following
_a)- (c.,,._j_t_,_m list of those parameters which must be deter-
_,;,).._ _,ff-_ mined before formulation of the design:

(,a_. _ a. Tubing
c.__. n_. 0_.,-_. _tao,),,o_,.w (tao,)* _,m.)-_ Material

_.._ ,o_o,_ (.),.,m. Outside diameter, D,
tFtOT " _ x 6,$ - 5 " _ Inside diameter, dtThemdlolwidth_ the rolt4dbeorinOsudaceat t_ outer edt,eis

.LO.-0.,[Co,.(,)1 b.Fl'aidcontainedinthetubing
Name andchemicalcomposition

.to.:0., [.m] - _ Operating pressure, Po
The_._¢,__,,._. ;, Constantpressure, Pk

.m -)._ _:. (,) Cyclical pressure, P°

._ -..®.4u Number of c,ycl_s of pressure, N_
(,)T_._ th,_--,. Temperature, W_

ffHlll) - 2.5 It Pt,,a_.o__r.• _,o.. c.Environmentalconditions

- Surrounding fluid
Fzovn_.5.--@araple preliminary flange design Ambient pressure, P,

_titms. Ambient temperature, T,

1966008417-011



(j SYMPOSlU_ ON TECHNOL(_'.,JY STATUS AND TRENDS

d. External loads

Constant force, Fk

Cyclical foi_e, F_ r " ...... "
l -- FWanp Face !

Numbe," of cycles of force, Nt __ Y.......... ,_. -I |

Cyclical transverse moment, me _, ;_*' "'" iNumber of cycles of moment, _._'m _t__. _ __ - .-- i '

e. Allowabl_ leakage level L_6 I-_ i__i__.i__*_ ,. ,_.,. i
Pressure Sner_ized Cantilever Seal.... _'**"

One concept, used to maintain sealing load
during the oper.o._ional life of the connector is ., _.._ °.,..,,h. ,.. ,,_,h,o_,_._ ,,o ,_.
that of deslgaing the seals to use the internal Th_._._.._-,.,_._,--_,h...J_.,.
pressur_ to an advantage. Should the seal, b),_-_-_*.J--,-a_.b'_.::-.,--_._,,d

deflecfic_pammetef _E otfl*iellpcJtlms4mlfmm

re_thlg between two integral connector tom- r_,,,..,.
ponents, be shaped as shown in figure 7, titan the .) o._.J. _.._._....._ ,., ,._ ,._,.- r_.,._.
internal pressure acting" on the inside of the seal __'""._._''_""_'"=_.=_=_"_0,._._"_ ._"".,.,b"_._. _.
will tend to push the legs of th,_ "U" apart and ._D.,.._. _._,._ ._ _.,_._,a,. ,-r_.

4.8..L cfit is _ lens_ cd_d leg t_c_l f_r fne stnm
',!-.,_sinto firm contact wiih th_ mating surfaces, to be zero o_ F_p .

regardle._ of the external load applied. While .) .,,_,. _,,._.: ,_,. o,,_ ,,q_ _.,._..-,, _._
such a concept, is useful only in certain ranges
of pressure, sealing loads, and sizes, it is impor- _ "*'_'" _'_*:_"_" _''*'u ,._,_ _._ig_m 4.9..¢ max is the mane|mumlengl_ the secdI_; con be and

tant to establish procedures for optimum seal _'_'_--'_*_"_''*_"°J:"_'_--'"_"
9) If -_c _>Jm:n: chooseo le_n J_4q_ml to lmln, omit s_ep

design.
Because of tim relative simplicity of such a

design as compared to that of the flanged or ,-
threaded connectors, the procedures for design FIGURE _.--_am.ple pressure-energized seal

do aot require analysis and iteration, but calculation,_.
rather a direct synthesis of the seal configura-
tion is possible. In the Handbook, this syn- it is not the purpose here to illustrate the use
thesis has been reduced to a series of simple de- of the Handbook, it is of value to inspect two

sign rules, supplemented by nomographs where sample procedure sheets from the Handbook,
the use of a detail equation is required. While shown in figures 8 and 9. The simplicity added

by the use of a nomograph over the possible use
of the rather complicated equation shown can

._/ / .."_ / _// / easily be appreciated._/_/__. _Z_//_ Cantilever type pressure energized seals of the
straight leg type, taper leg type, and those hav-

\'_/////f / _" :,". ,.////J ing legs constructed _t an angle to the flange

\\ ¢/_///_ _ t_t_rn.t ft_td faces are all included in the design procedures

\\_ , ._ (fig. 7).

_'_X._\_\\N.'N\\_\\ _^ Unfortunately, no one structural material
_'\'_, _\_\\\'_-'q exists as a panacea for all possible problems.

The requirements of fluid compatibility, light-
ness of weight, high strength, and stability of
properties at cryogenic temperatures and/or ex-

Fiovm_ 7.--Typical pressure-energized seal tremely high temperatures make _,,oes_.ry the
configuration, selection of specific materials for different ap-

1966008417-012



APPLICATION OF NASA FLUID ('/JNNECTOR ._KOGRAMS 7

plicaticas. A manual outlining al! the applica- the connector, _md that of mating the two ta-
ble material prope:des of all candidate tegral surfaces dh_ctly. For surfaces other
strnclural metals could not be _ ritten for many than superlinished surfaces, it can be concluded,
reasons, such ._,s thc enormous number of that iv order to effect a seal with a leakage rate
materials available, the lack of adequate data of below 10-6 atm cc/sec (with 1500 psi or
on ,nany of the materials, and the various heat- greater internal pressure) plastic yielding must
treatme:,t conditions of the candidate materials, take place, at least locally, at the sealing inter-
A possible solution to this dilemma is to make face. The degree of plastic deformation neces-
available to the designer a short compend'.um sa_ depends upon the level of inter, fl pressure,
of some materials, with many of the preperties the mat_r:._,l at hand, and to a great e_ent the
listed, to show the compatibility of those surface finish of the stronger material in con-
materials with the fluids which might be used, tact.. For example, should a soft metal ffaskel
and to suggest further referen,'e& A short such as copper, aluminum, indium, or le,ut be
chapter on this subject is in,,luded in the used betv-eenstainlesssteelsealing_,_rfaces, the
Handbook. original sarface finish on the gasketing material

is relatively unimportant. However, the mag-
ma S_UN6_OU;_ nitude and the direction of the asperities on the

Since an effective seal is formed when the con- stainless _eel are of great importance. As a
tact between two surfaces is of such intimacy general rule, should one desire to discount the
that molecules of fluid can no longer pass be- surface finish on the stronger material, then it
tween the voids at the interface, the question of would be necessary to plan on the imposition
which materials, what type of suzfaces, and of a stress of approximately 2.75 times the yield
what necessary loads are best to produce such a strength of the weaker material in order to
contact arises. If the_ were the only criteria, effect the satisfe._:tory _al. Should prescribed
and if temperature dependence properties, corn- surfaces such as machined surfaces be made and
patability with the fluid, and the susceptibility maintained through the life of the connector,
of material to vacuum and vibration deforma-
tion were not to be considered, then ce_ain
generalizations could be made. Even with these
associated preblems, certain statements can be '_' '_'"' _'_'_'.,. -_ %
made. [ [ -'

Whenever possible, elastomerie gasketing ,. I ! -,

T 'material should be used, mated between two "-:-,,
metal sealing surface. When this can be done, "-1 '" -- -'
then the surface characteristi_ of the gasket [-0"" "-.. _,.,
material and of the ,l,etals are of small impor- '° _ - _ "-..

tance, and near-a_ro leakage can be affected. [_0" I-"Where a certain level of leakage can be toler- , o.....
ated, near the permeation rate through plastics, | |

several different plastics can be used between '7_ _o.o,_o , "'
!

two metal surfaces. In this instance, the sur- o.,, _o I J
f_e eharacter!3tics of the metal su_aces are "_- J
relatively unimpo_nt with r_gard to the leak- ,_l__ o.:_ o L,
age characteristics of th_ system. However,
the problem of cold flow of the plastk_ must [,- , ,, ,, ,,, --, k .- -

|

be faced and can complicate the problem '1"_...."_'"'"" "__'''-'='- ' . - _4
¢tsl.0 _(t,st -t)(m,tl -t)-z_-g )'l_t tsl ] _'_¢t

i _tly. [.,Ite,. ,.1. It4. 11.,>,.,,,)

, Where metal-to-metal contact is desired, two
: alternatives are pr_ent, that of using a metal FIOUR_;9.--Nonwgraph/or lrr_,ntre-energized
, gasket between two integral sealing surfaces of sea/cal_zlations.

1966008417-013



8 ST_eOSTUM O_" _CH_OZ_OY STATUSAN_ TRe.'_S

experimental investigstion only. Other tests
-_.- _-teriat- _ suintess_t_ have shown that tile capacity to seal is not solely

Phasel -OneATM dependent on the true area of contact but also

_---,__:_- r-_- :;-'_._ _ PhaSe II- Pr_sore on the direction of tile original surface asper-

:":_'_'_"_._=_'_ "_';'_ _ f_lln_m_t° 1DOpslAcr0ss ities and the continuity of the resulting true•-_*_'_ _- r Pha_m - Iv- ]_psi areas of contact. While this could be expected,
,o" ;_._ ,_" _ ; PressureDifferential it complicates the problem from an analytical

.... -'- _'+ , *r_ _.'�and experimental point of view.

:, .i:. : _ 1:,] '_l:Ji,_ Iii rial is feasible in man)" applications and allows|O'& !i !,_l i'[ _ j_ ''_ iii| i `:i :i "!!i While the use of an intermediate soft mate-

- -' .,:,;........., :;: _-_' _ -':"_ -'_,_.... _':.'_ the svstem to be reused without degradation of
_,.-m_.;.--_-- _-_ "- L:,.-_i:_ _:_ ___e the integral components of the connector, in

. '. : '_"-,;!,l, ,' '_ :_ _\,!!i_"iii_i:ll_ ' :_ some applications such a secondary compo-
r, :.=-._v-:_--v=--==_ _r,z-,_-._--,-.-_,,_-__ nent is undesirable. In that case, the integral

i i?' " '. ;. I ' ! components of the connector must be mated to-

•:"1.:.l::.i "'" [If:• v ' !.'"'. •
• _ .i I , '

I ; _ I l'l I
"' ....i_-.t:"t-_--I I '• I'C-!":...

•.:z.:::::.l" J ", : ::'':"_ "':"

. ,,! .I, :i•" !1 .I. :i ! i ,. :r • :::_
,o-,i...l, i . t...! i i ,, .1_....

0 |.0 2.0 3.0
Nocmaliz_NormalStress

Fzo_ lO.--Leakage vs. _re_s response for a
typical syste_rb (metal-to-metal).

the planned stress level could be reduced. A
typical leakage response to the imposition of (a) Central area.
stress for a metal-to-metal sealing system is
shown iv. figure 10_ where the stress nece.-.sary
for sealing w_th one atmosphere internal pres-

sure, the increase in leakage with pressure, the
increas_ in stress necessary for sealing with
9000 psi internal pressure, and the sensitivity of
the system to the reduction of stress are shown.
With regard to sensitivity to the reduction of
stress, the general rule is that: the greater the
plastic deformation of the materials involved

the less sev_itive to stress removal the system
will be.

A further complication in the establishment
of required stress level for a given s_ling sys-

tem is the lack of uniformity of mating acro_ (b) At edge.
the width of any seal. The degree of mating
is much greater at the outside than at the can- FmuP_ ll.--Mafl.ng of a lZat gabber _eal. Far-
ter, as is shown in figure ll(e.) and ll(b) for tical line_ are original a._perities, horizontal
a typical gasket mated in between sealing sur- llne_ ir_pre_ed onto surface by mating. Ma 9-
faces which have been radially ground for ._Jfl_atlon: O.O0]ea_inch between scale n_arks.
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APPLICATION OF NASA FLUID CONNECTOR I)I_OOP_MS 9

gether directly. The added problem r_us- for this difficulty is the use of a superfinished
ability of the connector presents it_lf. Sinco surface being manufactured on the integral
it h,_ been concluded that some plastic defor- connector components. While this technique
marion is necessary in order to effect the seal, has not been fully exploited or insured success-
this is tantamount to saying that the shape of ful, studies _) date have shown that finishes
the surfaces, and sometimes the overall config- can be manufactured which allow stresses less

urution of the components, changes after its than the yield strength of the mater;.,tl to be
initial assembly. Should the sealing l_.ad have applied and effect leak-type joints fer repetitive
been established based on the origirml surface assemblies. The surface finishes are at. the

finishes, the same _aling load could not be present time expensive but, due to the possible
counted upon for the second _aling operation, payoff in connector improvement, are still under
since the surface finishes are no longer the same. consideration. Photographs of such a surface
This problem is quite _--ere in aerospace; appli- made by high magnification microcopy are
cations, since extremely low leakages can be shown in figure !'2. The stress level required

tolerated, and reusability mu._ be assured, for se._l:,n_ is shown in figule 13 for three suc-
A te:haiqv_ which may provide a solution cessive tests made on such a surface finish. "io

date, it has been shown that up to 11 successful
°" reas_.mblies can be made. Accumulation of

--_ surface damage due to the foreign particles

present when the surfaces are brought together
.-" prevents further use of the s'Jrfac_.q.

// In this discussion, the leakage rates measured
in fractiol)s of arm cc/se._ have been u_ed.

Leakage levels that small are extremel:_ difficult
to measure or even dete,-t. "i'he means most

accepLable for experimental work is that of a
mass spectrometer detector which utilizes he--_ , g/

°.' .', lium as the tracer ga_. For other gases in other
applications and other leak rates, simpler meth-
ods are pessible such as water tests and bubble

(a) l.p._erference plwtogra.ph. Scale: tests. Comparisons of the various leak testing
0.00195 in. betw.een scal_ marks, methods and relative leakage rates are shown

_P"_. ' "' !" in table I. One means, quite universal in the

• i_lj. :s, number of ga_ which can be detected and the

• . ,.- . . :_ range of sensitivities which can be gained in
" " " " " " • the Condensate Nuclei Detector, the capabilities

" " " ' " of which _)re outlined in table II.

"fi" "__, *" "'_ " "'"'_ - _ ') " , Handbook Covtragl of $)eall_

• , ,) ._ .- .r • .

.... " ":'_" ",:_- Chapter I of the Handbook de.(ineates the
_':)- "":_,." " : --,.-'-: " .:,. ' , " -" various modes of leakage that can exist in a con-

. • . - '-_"" ': • neck)r, notably those of molecular flow and vis-
/" r ,. _ .'..-' : :' _" coes flow of a fluid through an interface, and° ' -

, ," ' " '" _ lm establishes th possibility f th pe oat"• . )_ '. -. , _). f) e o o rill ",ll

' ' and diffusir.n processes of leakage. Chapter V
establishes in detail what are cousidered to be

(b) Nomarski photograph. Magnifl-
c.at_= 168. minimum standards for the leak detection and

_-.easurement f_ility suitable for evaluating
Fmu_E 12.--Superflnished seali_a sur/ave_, fluid eonneotors. Chapter VII is a catalog of

(tW_
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10 8YMX=O8IUM ON TECHNOLOGV 8TATU8 AND TREY;D8

TABLr. I.--Sensitivities o/Lea/c-Measuring Methods

[Mass spectrometer detects flow of helium. In laminar flow, volume flow of helium=volume flow of air for the

same leak under the same pressure and temperatur,_, conditions, since viscosities of air and helium are approxi-
mately tile same. In molecular flow, volume flow ( f helium ---3 times volume flow of air for the same ]_ak un(er.
the same pressure and temperature conditions.]

Volume of Helium or Air
Type of Measurement Application Mass Flow

I (Air), lb, hr

Micron-ft _, hr Atm-cc, see Atm-ft a, 1Lr

A. Bubble test (immerse fully Component
pressurized connector in fluid test.
and look for bubbles).
1. Using water af, room tem-

perature and atmospheric
pressure.
a. No bubble_ in 5 to 15 .......... 20 2.08)(, 10-_ 2.64X 10-s 2.02X 10 -e

rain.

b. No bubbles in 30 mm .......... 10 t.04X 10- 4 i.32X 10- s 1.01X 10°*
(estimated).

2. Using water at room tem- - ......... ,_ 3.12X 1#,-s ._.-q6X 10-6 3.03X 100 7
perature with p, essure
above bath reduced to 2 in.

Hg" (-----above 0.07 atmGs-
phere).

3. Using silicone off
a. At 150 ° C and atmos- .......... 0.45 4.61X 10 -s 5.85X 1007 4.49X 100 8

pheric pressure.
b. At ro._m temperature .......... 0.056 5.85X 100 7 7.43X i0 -s 5.69X 10- s

with pressure above bath
reduced to 1.5 in. Hg "
(=about 0.05 atmos-
phere).

B. Displacement of water in Component 1.6 1.67X 10 -s 2.12X 10-e 1.62X 10- 7
burette by leaking gas. test.

C. Soap-bubble test (apply sop.p Field assem- 5 5.2X 10 -5 6.6X 10- 6 5.0X 10 -7
solution around connector and bly test.
look for bubbles).

D. Mass spectrometer leak Laboratory
detector, test.

1. With maximL_m sensitivity ............. 0.96X 10 -6 1X j00s0 1.27X 10-n 0.97X 10 -12
2. With lower sensitivity ................. 0.96) / 1005 1X 100 9 1.27X 10-1° 0.97X 10-n

._c_Iswhichhaveprovensatisfactoryincertain CONCLUmNOREMAIKS
applications.Thischapter,whichcsr_beup-
datedup,mtheacquisitionofnew in_.ormation, The fluidconnectordesignproblemispresent
liststhosecl_aracteristicsofse_Iswhichareof notonlyinNASA aerospaceapplicationsbutin

interesttotheconnectordesigner.Sampleen- nearlyallindustrialendeavors.Itsimportance
tri,_aregiveninfigures14:(a)and (b)which vari,'sfromindustrytoindustry.Thecomplex-
showthecharacteristicsof,'tmetaltriangleseal ityofitssolutionvariesfrom requirementto
suitablefor high temperaturelow leakage requirement.The effort,sofNASA tosolveits
applicatio_, own problemsbearfruitforthenonaerospaos
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APPLICATION OF NASA FLUID CONNECTOR PROGRA_[8 I1

TABLe.II.--Condensate Nuclei Detection Technique8

[1 ppm sensitivity would ,.llow for detection of a leak of 2X 10 -_ cc/sec ff tirect access to the leak were poa_ible]

Material Detectable Not detectable Limim of
detection, ppm

Petroleum fractions............................. x 0.1

Hydrogen ...................................... x ............

Hydrazine..................................... x _0. 1

Unsymmetrical Dimethylhydrazine............... I x 0.1

Aerozine........................................] x ,-_0.1

Ilydyne.......................................I x _-_0.1

Ammonia ......................................] x 0.0OJ
Diborane......................................I x ?
Pentaborane ................................... I x ?

Aluminum Borohydride ..................................... x ............
Beryllium Borohydride ...................................... x ............
Lithium Borohydride ........................... x ............
Hydrazine Hydrate ............................. x n0. 1
Alcohols and Ethers .............................. x 5.0

Ethylene Oxide................................. x ?
Mixed Amines.................................. x ,-_0.01-1.0
Nitromethane.................................. x ?

Aluminum ................................................. x ............

Beryllium...................................... x ............

BerylliumHydride.............................. x ............
Lithium ....................................... x ............
Lithi,lm Hydride ............................... x ............

Oxygen ........................................ x ............
Ozone ......................................... x --¢5. 0

Hydrogen Peroxide ............................. x N0. 1
Nitrogen Textroxide ............................ x --,0. 5
Nitric Oxide ................................... x n0. 5

Nitrogen Dioxide ............................... x N0. 5
Nitrous Oxide .................................. x N0. 5
Nitric Acid .................................... x 0. 5
Tetranitromethane ............................. x ?
Fluorine ....................................... x --_1.0

Oxygen Difluoride .............................. x _1.0
Chlorine Trifluoride .............................. x _1.0

Bromine Pentafluoride .......................... I x --,1.0

Perchloryl Fluoride ............................. [ x _0. 1
1

Nitrogen Trifluoride ............................ [ x ?

Tetr_fluorohydrazine ............................ [ x ?

Ozone Fluoride ................................. I x _-4.0

industry. All the information, in much more The fundamentals supporting that document
detailthanhasbeenpresentedherein,isorwill havebeenreportedinsevenvolumescitedin
shortlybe availab!sin NASA publications,theappendix.Two furthervolumesonthesub-
The Handbookmentionedfrequentlythrough- jectarepresentlybeingwrittenand willbe
outthisdiscussionwillshortlybe available,availablefromthesamesources.

795--4_3 0--66-----2
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I0 -2

Ph_s I, 1 arm across 8_a!_ Phase If, Stress constant, pressure increase% Phase :II, Pressure coast mr, stress increaseI0"

0 Test 2

iO. I _ Test 3

10 "( 1 I I I ]1__ I I I I I I I I I I I I I I I I l I 1 I

5000 10000 15000 20000 25000 30000

NorLJal Stress, PSI

Fm_ 13.--Leakage---normal stress response for superflnished stainless s+_eelsurfaces.

CLASSIFICATION: Triangle Seal

MATERIAL: Gmket - 2S oluminum(copper, nickel, etc.). Kr.;,e edges
constructed from connector structural materlal.

CONFIGURATION: Initlol Configumtlon SImled Configuration

_ //Lower Seal,ng Sudoc_

/
TEMPERATURE Determined by creep pmpedles oFgasket material. /
LIMITATIONS: /
LOAD DEFLECTION (2S aluminum, mecn tempamtom): See Figure 7.7. /
CHARACTFRISTICS:

SEALING (2S oluminum, _ tlmpamtufe): After 950 poundsper
CHARACTERISTICS: inch hm been applied to tEe seal (thus coming a dual

h_d path to exist) at an Internal prl_um of 1800 psi,
the i_d con be reduced to 300 poundl per inch before
le_._e is evident. At th,* load, leqk_le incma_l
dralt c_:(:.

ADVAtdTAGES: I. SEe_r dlfommtIo_ of the gmke) Is utilized.
2. Sine, the Internol pm_um pushestee gmket mdlolly

o_'wa_l Into the knife ec_es, the gmket I$ prettulul O.I

energi;:ed. /

3. Oeslm,I ¢L _mt of gmket defom_lcm can be specified
due to _ cl_,: to_1Patll _IINI for In I_ design.

4. Knife edges, be:_O at on angle to the seal ¢lmtedine,
make the l)ImI imeml/Ive to CL_iOImovement of the
flcrqle Fec_.

$. Gmket fll_',llm om I_lltively p_dtlcmed during

6. Knife Idgm am protected from damage and they do no4
pmtrwde above the flonge feces.

7, G_et It c_tol_l by Ihe fl_.

DISADVANTAGES: I. Each intolerably _quims a new I_lt.
0 _00 400 600 800 100_

COMM|NTS: Data bawd on a I_mllng llyltem having a nemi_l dlneleter of
one Inch. LOAnUIIIII

Fmu_m 14(a).--5'ea/ configuration data from Fzouam lt(b).--.,Sea/ configuration data /ro_
J)) .7.

separable connector d_iF_, ha,._ouo_. "separable eonnectwf design handbook.
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APPENDIX_FINAL REPORTS---DESIGNCRITERIAFOR ZEkO LEAKAGECONNECTORSFOR LAUtdCHVEHICLES

First Contract Period _econd Contract Period

VOLt_MZ I--Summary. Conclusions, and Design Ex- Fundamental Seal Interfae,_ Studies and Der'ign and
amples, edited by T. P. Goodman, N63-18390, NASA- Testing of Tube and Duc'_ Separable Connectors,

CR-50557 (63GIA1), March 15, 1963. edited by F. O. Rathburh. Jr., N64-Y,i3t_b. NASA-CR-
VOLUMZ II--Leakage Flow, edited by T. P. Goodman, .56571 (64GL97), June 1, 1964.

N63-18493, NASA-CR-50558 (63GL42), March 15,

1963. This volume is listed in Scientific and Tech-

VOLUME III--Sealing Action at the Seal Interface, nice: Aerospace Reports, Volume 2, No. 19,
edited by F. O. Rathbvrn, Jr., N63-18159. NASA-CR- October 8, 1964.
50559 (63GIA3), March 15, 1963.

VOLU._tZIV--Design of Conne('tors, edited by S. Levy, These reports may be purchased from the Defense

N63-18494, NASA--CR-50560 (63GIA4), March 15, Documentation Center, or the .NASA representative,
1963. Code CRT, Scientific and Technical Information Faeil-

VOLt,ME V--Pressure Energized Seals, edited by B.T. ity, P.O. Box 5700, Bethesda, Maryland.
Fang, N63--18391, NASA-CR-505_I (63GIA5),

March 15. 1963. Third Contract Period

VOLUMZ VI--Environmental Effects, edited by S. Levy
Handbook for Separable Connector Design, edited

N63--1,0723, NASA-CR-50562 (63C-L46), March 15,
1964. by F. O. Rathburn, Jr., December 1, 1964.

Sealing Interface St_atistical Analysis and Super-

The six volumes are listed in Scientific and finished Surfaces S__aling ,_tudy, edited by L. G.

Teelmical Aerospace Reports, Volume 1, No. Gitzendanner and F. O. Rathburn, Jr., March 1, 1965.

17, September 8, 1963, and Volume 1, No. 20, Both volumes are available from the previously
October 23, 1963. mentioned sourc _s.
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" 2. Development of High Pressure Gas Systems
JOHN GEAR

Hayes International Corporation, Birmingham, Alabama

Thi., paper presents a relmrt on the latest advances and _echnology in the design,
cnn._trm.tion, iesting, and operation of high pressure gas bintelallie I)il)e systems and high
pressure gas tube fittings facilitating greater alinement and man_lfacturing tolerances, and
the superc'eal, ng of high pressure gas systems under field conditions. The following
spe('ifie topi('s are dis,.-_s(_l :

• Analysis of non(.orrosi've steels versus bimetallic, high strength steels
• Analysis of various prot_Aive finishes ver_'ds bimetallic piping
@ Testing of high press are ._ystems
• Pipe liner adhesion pr,'_ertie_ trader varying ope, ating copJitions
• Modified flared tube ,_|til_g.'e, taking into account pressure: ranges, materials, costs

i_volved in nmnuf:i(.ture, re-;ells methods emph:yed to permit sealing of the fitting
while meeting cleanliness requirements

• Cleaning requirements aPl)ertaining to high pressure gas systems and a discussion
of investigations on the effects of velocity and temperature as :elated to various
cleaning che_" :al._.

The presentation concludes with a discussion on the possible appl" "ons of materials
and methods in commercial industry.

High pressu"e gas systems, as described in tive to t]:e prevailing state-of-the-art; for in-
this paper, 'tre those repre_nting the present stance, pressures of 3000 psi were considered
stage-of-the-art in the missile gromld s,_lpport high in the early days of the missile effort. By
equipment field. These systems have been de- the early 1960's 3000 psi was considered rela-

veloped for two prime reasons: (1) th( attain- timely low pressure, for the state-of-the-art h_d
ment of maximum power within the s_)mllest 1)regressed to the 6u00 psi system. Hewer r,

.envelope dimensions, and (2) the storage and with the use of high strength steels al d the ad-
transmission of gas at high pressure and large vaneemcnt of the state-of-the-art, large gas sys-
volumes to ,%cilitale its (listributioa to and teuJs are now ol,erated and controlled safely

around the large missile complexes. The use at 10 000 psi. Small bore systems up to ,_Z_-i:wh
of high l)ressures in gas distril)ution sy._tems internal diameter have l)een employed in these
niay I)e coml)ared to the use of high ",oltage in high pressure ranges for some yt'ars: however,
electrical distribution, each l)oh_g transformed the 1.,_..o,,e",oiume requirements of today have

or regulated at the usage point, tligh pressure necessitated advances in tl:e technology of (le-
gas distribution and :,tor_ge systems have been sign, construction, testing, and operation of
developed to oi)tain the m'txilmun efficie,cy high pressure gas systems. Development of
fi'om an engineering and cost standpoint. Fee- system components, tubing, and piping necessi-
tors iu the develol)ment work undertaken hqve tales extensive test programs, but in order to

been varlet1, time eonsumiug, amt expensive_ a test these components, the test laboratory must
trend which now aims at stalldardization and store and control gas to pressures as high as
revaluation. 15 000 psi to ec.ntrol effectively the test s,)eei-

First, let us define what we mean by high mens and also 1)rovide adequate flow l)y storing

l)re._ure gas. The word "high" is purely rela- large volumes of gas above 10 000 psi.

15
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16 sYl_eosx_ ON TECIINOL(_Y ffrATU8 AND TRENDB

Further complicating the task of tile high tial level elastically expands the base pipe and
pressure gas design engineer and his value anal- continues the plastic expansion of the liner.
ysis team is tile fact"that to fabricate, clean, and After final pressure is released, the elastic con-
maintain cleanliness of high pressure gas sys- traction of the base material actually exceeds
terns under field conditions requires careful that of the contraction of the lining material:

_ study of materials in contact with the gas, rein- thus holding the lining in place by applying a
tire costs of materials, and the strength-to-cost compressive force. (See fig. 1.)
ratio of suitable metals. Manufacturing toler- Due to the relatively small temperature dir-t

b

ances hare become more critical, and costs have ferential in the operating temperature range of

consequently risen in the fabrication of high the gas systems under discussion, the differen-
pressure gas systems which has called for care- tial in the thermal expansion between the liner
ful economic studies. Consequently systems and the base material has almost negligible el-
now on the drawing boards are nearing perfec- fect on the adhesion between the two; for in-
tion and are becoming standard, stance: between copper and steel, the thermal

Corrosion resistant steel pipes and fittings expansion represents approxima_.ely 0.0(0)0002
offer the user tile be_t _nswer to the cleaning and inch per inch per degree fahrenheit. Presently,
contamination problems; however, with pipe it is only practical to fabricate lined pipe sec-
sizes up to 6 inch diameter, the relatively low tions in 90 to 40 foot random lengths. These
strength of the corrosion resistant steels re- lengths are then joined in the field either by
quires massive fittings and volume of material, welding or by pre-hubbing and then clamping
which in turn increases the initial costs to a together. Experience has shown that. field
prohibitive level. It has become standard prac- welding of lin_l pipe calls for extremely close
tice to use bimetallic pipe which consists of a control of welding procedures and techniques.
base pipe made from high strength steel and The pipe ends have to be prepared by machiv-
lined with th:n wall tubing of a suitable corro- ing a weld angle on the end of the pipe. Then
sion resistant mm erial, facilitating cleaning and the liners are welded together fv!lowed by a
imparting noncontaminating properties. The carefully controlled first-weld pass on the base
three most widely employed lining materials are material taking care not to burn the liner. Some
copper, nickel, and stainless steel. These metals of the gases used, such as helium and hydrogen,
are chosen not only for their corrosion resistant have in the past found their way throup'h the
properties, but a]sc for lheir similar coedlcientg
of the:final expansion to the pipe base metal.

The lining of pipes is by no means recent, and
in fact dates back to the 1800's. Cold drawn -'"./
bimetallic tubing in condenser and heat ex- --"

changer service is used extensively today. Re- ._f""..o-"

quirements for h.;gh pressure gas bimetallic ..-............

pipe differ because of pressures and smaller /" ......... _fii'_..............

temperature differentials. Pipe base material _ / ................
is of 4320 grade steel lined with various alloys -#":

.._.-'" ; :'
of copper and nickel or stainless steel tubing, ..-"_ _': "-
type 304 or 316 in wall thickness up to 0.050 :" _ ,,i .;$

inch. Bimetallic pipe is manufactured by hy- / _i _.: "_

draulically exp.':nding the thin lining into the / 8_ //
" base pipe. With the correct selectiou of internal / : : "

diameters of :he base lining materials and by / :: : _'IELD

proper ap_)lication of pressure, the liningex-
pands with a uniform yield point until it iust FIovR_- 1.--Elastic contravtion o/base material

contacts the ba._ pipe; pressure beyond this i.ni- and living material.
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HIGH PRESSURE GAS SYSTEM8 DEVELOPMENT 17

porous welds and h._veseeped between the base form coating inside the pipe, because an elec-
metal and the liner; as a consequence, the pres- trode must be inserted in the exact center of the
sures inside the pipe and in the annular space pipe and kept there during th_ eiectroplating
between the liner and the base material have process.
been equalized. When the main pipe is vented Testing of high pressure gas systems is ex-
suddenly, the pressure still existing in the an- pensive, but of paramount importance if op-
nular space crushes the liner and causes total eration and safety requirements are to be met.
blockage of the line. Many methods have been The knowledge gained in te#ing, fabricating,
tried to circumvent the_ conditions, but for and operating these systems has permitted the
positive solutier, of this problem, the utiliza- selection of the optimum materials to meet cost
tion of commercial hubbed joints, as used in the and fabricating requirements. Tests have in-
oil industry, has proved to be the answer, cluded pressurization of piping to 15 000 psi
These hubs may be welded to the base material, and sudden venting of the line to cause or at-
after which th_ liner can be inserted, expanded tempt to cause collapse of the liner. The at-
and flared into the hub sealing surface (see fig. tainment of such test conditions on a routine
2) thus insuring 100% sealing capability of the basis has called for great, ingenuity on the part.
joint with no possible collapse of the liner due of the test engineers, as did another test involv-
to gas seepage in the annular space between it ing pressurization from 0 to 25 000 psi in less
and the base material, than _A0second.

The costs of fabricating bimetallic pipe has Pipe liner adhesion depends upon surface
proved to be less than that of a pipe with similar roughness of the two contacting metals. Should
pressure catmbilities constructed from 100% both surface finishes measure 15 microns or less,
corrosion resistant steels, when the bow size is surface contact will be good, but 100% contact.
above 2 inches. These findings cannot be ap- can never be achieved. This does not cause any
plied as a rigid definition, and each case must particular inconvenience to high pressure gas
be consid_.red on its own merit. Certain other systems since no heat transfer problems are
protective finishes have been tried to compete experienced with ambient temperature systems.
economically with bimetallic piping. These However, pumping cold fluids or hot gases and
finishes are produced by phosphating or elec- fluids might require better adhesion properties
trically nickel plating the interior surfaces of due to the thermal transfer characteristics of
the pipe or by chemical nickel coating. Nickel b:metallic piping. The most popular materials
plating has proved to be successful; however, for lining are alloys of copper and nickel rang-
the cost of electrical plating is high unless a ing from pure copper tc pure nickel. These
large quantity of pipe is plated at one time. materials do not have all of the corrcsion re-
The main problem arises in depositing a uni- sistant properties desired in some cases, so that

the austenitic steels and stainless steels are next

WE in order of demand. Experimental work is
being carried out with titanium, zirconium, and
tantalium. Each metal holds considerable

L[N[:R promise for future needs. The use of the least
amount of expensive material practical is the
second objective in saving money. Extremely
thin liners cannot be used in many cases, and
the cost of the lining material per foot is byHUB
no means proportional to its thickness. Pil_
sizes of 2 to 6 inches, and linings of 0.035 inch

PI pl:: now represent a combination of an economical
and practical mimmum offering adequate cor-

FIouzm 9..--Hub sealing surface, rosion protection and sufficient mechanical

1966008417-022
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T._BLE I.--Levels of Perm, i,ss_ble G_mination

(s) Cleanliness Requirements

Cleanliness levels ]

Maximum particle Ipopulation I I I

I I ] IIl re I v [ Vl i

: Particle size (microns)

No limit .............. 0-20 0-20 0-50 0-50 0-100 0-175
40 ................... 21-40 21-45 36-60 51-140 101-280 175-540
10 ............................ 46-70 61-95 141-230 281-460 541-950
3 .................... 41-80 71-95 96-135 231--410 461--640 951-1270
2 ............................. 96-125 136-170 321-410 641-820 1271-1635
1 .................... 81-100 126-150 171-350 411-500 321-1000 1636-2000
0 .................... 101+ 151+ 351+ 501+ 1001+ 2001+

Condensable hydrocar-
bon, ppm/weight .... 0.2 1.0 2.0 3.0 3.0 5.0

Nonvolatile residue in grams/sq ft

foot and ov_ ....... O.001 O.001 O.001 O.002 O.002 O.11113
I ,

(b) Fib_;r*Length and Po_ulation Limits

Fiber length limits by cleanliness level (microns)
Maximum population

I II III IV V VI

No limit_ ............. 0-20 0-20 0-35 0-50 0-100 0-17_
10 ................... 21-40 21-150 36--350 51-500 101-1000 176-20_._
1 .................... 41-_._0 151-300 251- 700 501-1000 1001-2000 2_91--4000
0 .................... 101+ 301+ 701+ 1001+ 2001+ 4001+

*Fleer is defined as a particle having a length to width ratio of 10 t_ i or greater.

strength for most conditions. One problem less than sA inch, the standard AN- and MS-

area connected with lined pipe for high _ssure type flared tube fittings have been employed in

gas transmi._ion, is a change i_. _rection of the high pressure gas systems, and if adequate pro-

system, _nd presently i'_ is impractical to line teotion is maintained for operating personnel,

an elbow or s tee effectively; tl',_refore, a sub- this type of joint offers many advantages in the

stkufio_ for these fittings is made in 100% 600 to 10 00o psi range. When factors of safety

corrosion resistant steel. The use of bimetallic are added to this operating range, it becomes

piping finds its greatest advantage when (a) impractical for a design engineer to utilize

pressures are high, (b) sizes are large, and (c) flared tube fittings above 10 000 psi. Although

the alloy is not expensive, they ill withstand hydrostatic proof pressures,

Regarding small bore, high-pressure gas sys- a gas failure cannot be tolerated when personnel

terns of tube sizes with an internal diameter of have to be in the vicinity of the system. For

I
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TEFLON RING media combinatien. Table I is condensed from

a Govern_._nt cleaning specification and illus-
trat_ the levels of contamination permissible.
An intensive program is now under way to
evaluate the effects of velocity and temperature

related to various cleaning chemicals on all sizes

of pipe and tubing. The v.,_,ole cleaning spec-
trum is being reanalyzed to establish the valid-
ity of flow rates and cleaning media as specified.
Nitric acid, trichloroet.hylene, Freon, trisodium
phosphate, and _riton are among those chemicals

SEALING being used for evaluation and comparison.
SURFACE These fluids will be checked for their detergent

capacity, and samples will be analyzed for par-
FIGURE3.--l_erti_ of Tenon sealing ring in ticle population, critical hydrocarbon saturation

cone sealing ring. level, and nonvolatile residue.
Development of high pressure gas systems

embraces all face_s of the engineering arts:
these h_gher pressures, super-pressure tubing chemical, metallurgical, thermodynamics, struc-
and fittings have been employed, and are corn- rural, and test. Large volumes of ultraclean gas
mercially available in small bore sizes. at very high pressures can be stored and distrib-

Between ¼ inch to 1 inch size stainl_s steel uteri safely. The limitations imposed by eco-
tubing in a hardened condition may be u.._ in nomic and physical conditions have been defined
the 6000 to 10 000 psi operating range. How- within various operating spectra. Further
ever, flared tube fittings above 3_ inch re- definition is required and results are forthcom-
quire considerable manufacturing care to ob- ing. Many component manufacturers have de-
tain the polish and the angle on the flares to ycleped highly reliable gas control equipment.
obtain good. sealing characteristics. For this However, the state-of-the-art has advanced so
reason, _veral companies have pioneered modi- rapidly to keep abreast of requirements, that
fications to the standard flared tube fittings, there is now a trend to standardize on proven
The most sucr_ssful of these modifications has design, increase reliability, and reinvestigate
been the insert,ion of a Teflon sealing ring in the the basic concepts to enhance the economic and
cone sealing surface of the fitting (see fig. 3). physical feasibility. Examples of high pressure
This Teflon ring _¢mpresses when the system is gassystems are shown in figures 4 to 9.
torqued up, and as a consequence, seals the minor

imperfections on the sealing surface, permitting ._ • . . . J" ._.__
an easier final assembly p.r0cess. These fittings • _:o:,
withstand mu_h abuse and greatly alleviate ..r , _> . _• ,_
service problems in the field. The larger fla..,._l r' _m_ _ " ___
tube fittings without Teflon seals take 4 hours _ _ _!
per joint to seal effectively, even when meeting ;'
the precise manufacturing and as._mbly speci- ' '/ _:_

fications. When inserts are employed, these . _",_: .
problems are eliminated, permitting sealing of _ '_'_ _ "_
the fittings while meeting cleanl'iness require- .:._" / "_'_-
ments eliminating precise manufacturing toler- _-'" _ :_:_

: antes and decreasing costs. -_:._.,._ _..' _The rigid cleanline_ requirements of present " ._',,_:_ _ . ,, 1,,'.

gas supply systems have l_sulted in the expendi-
l ture of much effort to obtain the optimum metal- Fmur.E 4.--6000 psi regulator.

i
!
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3. Commercial Application of Rocket Engine r
gy ",Turbopump Technolo

A':)
_::- ~

W. P. LUSCHER

Aerojet.General Corporation, Sacramento, Calijornia

This paper describes how commercial pump technology was modified for rocket (,ngine

application by trading long life for low weight. The component life of typical turh,Jpump
components is presented, and the modes of failure will be discussed. A comparison of tile

basic" commercial and rocket engine pump requirements such as flow, pressure, etc. i_ made.

It is com'luded that rocket engine pump technology can be alqdied directly only if similar

basic requirements exist in emergency or stand-by equipment.

The specific design requirements for rocket engine turbopumps are presented and the

need for high speeds is explained by the weight-speed relationship and the optimmn NPSH

of the tank and pump system. The trend of required rocket engine pump discharge pres-

sure and future operational requirement, is predicted.

The need for inducers and boost pmnps in rocket engines is explained, and '_he results

of the flat-plate-inducer ca¢itation therein are briefly presented.

Design solWions and material selections for high-pressure pump housings, ultra-high

ti? speed impellers, and pump packaging are demonstrated.

As a typical example of utilizing rocket engine technology for commercial applica-

tion. a helicopter stand-by engine is shown. This _ta.ndby engine is designed from existing

ro(.ket engine components, using JATO rockets as the prime energy source.

Within the rocket engine system, the turbo- areas appear to be in the fields of electrical

pump is one of the few components which was power generation and pipeline pmnping appli-

originally derived from commercial technology cations, and it is interesting to see why the air-

and adapted to the specific requirement of rot',_et craft engine is competitive in these fields.

ehgine propulsion, in order to reverse this The fil,'st costsof aircraft engine prime movers

situation and al)l)l,- rocket engine technology to are competitive due to the large production

the ('ommercial market, it is necessary to find quantities of these engines when coml)ared to

applicat ions where rocket technolog,n" opens new the diesel engine or commercial land gas turbine.

fields or allows existing jobs to I)e l)erformed In the past, corn, inertial usel_ of generating

more profitably, equipment ahvays paid a l)remium for long life

It was only a few years ago that the aircraft since they chiefly feared the long overhaul

engine industry 1)egan to search for applica- down-time and the resultant loss of revenue, as

tions where its technolo,,zy could be profitably well as the long delivery of sl)are 1)arts. The

applied in the commercial market. A short aircraft engine has now demonstrated a remark-

review of the aircraft industry's experience nlay _t/)le record of operating hours between overhaul

be useful for (lemons(rating the difficulties the which goes into tens of thousands of horn's;

rocket engine industry faces in a simihu' task. due to its light weight it ol)ened a new oppor-

The aircraft engine is, for all practical lmr- (unity for overhaul 1)rocedures, as tl',e overhaul

poses, a prime mover, and thus it is logical that is no longer done on site lint rather at the engine

the industry should have a (.lose look for (,p- manufacturer's plant. The l)rime movers have

l)ortunities in this fieht. The two promising become so light that they can be trucked or

21
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flown as a complete unit from tile site to the At the left-hand side, the conventional gas gen-

plant where they are oyer, hauled by experienced erator cycle is presented. At the right-hand
personnel. The overhaul plant is stocked with side, the modern staged combustion cycle is

all spare part, s, and thus overhaul time is, dra- presented. The turbopump consists of a tur-
matically reduced from weeks m hours, bine, which receives its energy from the gas

Conditions are not so favorable to the rocket generator, and a pump, which takes the propel-
engine turbopump, since for commercial ap- lant from the tank, compresses it, and delivers

plication the air-breathing prime mover will it to the thrust chamber. The turbopur-, t, a.nd
be preferred over the propellunt-driven one, gas generator form a"boocstrap" system, and all

because of obvious operating cost rea_ns, power generated is stored in the propellant,
Therefore, the application of the technology and no direct output horsepower is obtained.
appears to be restricted to pump technology, The staged combustion cycle is a direct analog
and only in very special applications do rocket to the jet engine cycle where the fuel pump has

fuel driven prime movers warrant considera- the identical function and the oxidizer pump
tion. It is the purpose of this paper to review replaces the air compressor of the jet engine
and discuss the major contributions which have cycle.

been made in the development, of the pump The envir, mmental conditions in which these
technology rather than list potential commer- turbopumps operate are very severe, especially

cial applications, for cryogenic engines, since the pump will pass
The functions of the turbopump within the a medium at -41_0 ° F. next to a turbine of a

rocket engine system are defined in figure 1. -4-1600° F. The flow medium is usually toxic

I

I

FievaE 1.--Englne cycles.
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ROCKET ENGINE TURBOPU_IP TECHNOLOGY _3

and explosive, and no leakage can be tolerated, the tank walls be as thin as possible, which in
The materials used have to be compatible with turn, requires low tank pressures. The net
the propellant used. positive suction pressure, which is defined as

the pressure over the vapor pressure of the
PUMJTECHNOLOGY medium, is assumed as a compromise between

The rocket engine pump requirement is char- the pump weight and the tank weight as shown
acterized by high pressures up to one order of in figure 4 for a large rocket engine.
maghitude _hove those found in the aircraft The discharge pressure requirements have in-
gas turbine technology. Extreme compactness creased with time as shown in figure 5. The
and light weight are required to obtain the max- discharge pressure requirements are dictated

imum payload. This in torn is achieved by by the engine cycle and are projected tc go as
designing for very high rotational speed and high as 5000 psi for the modern staged-combus-
an extremely short life of several thousand sec- tion cycles. This, in turn, will require an im-
onds. Commercial applications with similar provement of the state-of-the-art in the
requirements are practically nonexistent, and beari:ag, se_d, thrust balancing, and housing

the application of rocket engine technology is design. .( typical mechanical design concept
only considered practical through extensive of such a pump is shown in figure 6.
modification, particularly in the areas of cost A comparison between achievable rocket
and operational life. The application which turbopump efficiencies and ,)mmercial low-
may have similar requirements is airborne speed efficiencies (fig. 7) indicates that the

emergency eqcipment for clearing operations rocket turbopump designer traded pump effi-
after flood disaster or fcr_:t fire fighting equip- ciency for low weight. The reduction in over-
ment. all efficiency by about 10% is due to the low

It is the purpose of this paper to present the efficien::ies of the inducers which are mandatory
severe requirements of the rocket engine turbo- for high-suction specific speed pumps. The

pump technology and the solutions used for emphasis on light weight also indicates that
overcoming the problems, rather than to pre- rocket turbopumps should be designed for as

sent readymade commercial applications of its high a specific speed as possible within the al-
technology. The rocket engine turbopump lowable constraints of suction pressure and
technology, however, is very valuable for com- mechanical limitat:ons such as bearing I)N,
mercial application since it demonstrates just seal-rubbing velocities, and critical speed re-
how far the lightweight pump design can go quirements. High pump efficiency was not of

and what price there is to pay on operational prime importance for the current gas-generator
life. The rocket engine industry has built engine cycles. The coming of new high-pres-
pumps in ,various sizes, and flow ranges vary sure staged-combustion cycles, which bear great
from a small auxiliary unit of 60 gpm for the similarity to the aircraft jet engine cycle, places

Titan II to a planned advanced large rocket greater importance on pump efficiency.
engine fuel pump of 60000 i_m (fig. 2). The greatest differences between the rocket

These pumps cover a largo part of the spectrum engine turbopumps and commercial pumps are

cf the commercial requirement with the the component life requirements. In order to

possible exception of large hydroelectric appli- illustrate this fact, the life of a typical TPA

cations (fig. 3). component and the mode of failures are dis-

The lightweight design is achieved by de- cussed.

signing for as high an operational shaft speed The impeller spends most of its operational

as possible. The practical speed limit is set life under severe cavitation conditions. The

by the suction pressure of the pump which in cavity is formed on the leading edge of the ira-
turn is dictated by the tank pressure of the peller and extends far back into the inducer

rocket engine. Since the tanks are of formi- passage where it finally collapses due to the
dable size, it is of the utmost importance that increased pressure. The collapse of this ca,vi-

t
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Commercial Pumps

___ Fractional to I 000 000

- gallons per minute for
._ large hydroelectric

_,, _ , '-.'" applications

90 000 gallons per minute at
"':II,_'_:__ 444 ft heacl

L_ ;_=:=-'r-===

Fzoav._ 2.--Oomparison o/_ocket and commercial pump_ by flo¢,,rate.
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ROCKET ENGINE TURBOPUMP TECHI_'OLOGY _5

tation bubble is so violent that material parti- ments, it appears necessary to lower the suction
cles of the blade are brokez, away. The specific speed and thus reduce both the cavita-
resulting surface pitting will undermine the tion damage and stress ]evel_.
rigidity of the impeller in a very short time The machining of an impeller, illustrated ill
(fig. 8). Tile useful life of a typical impeller fig,-,e o, ;s a formidable undertaking, and full
is approximately 3000 seconds. The collapse use of tape-controlled machine tools is made.
of the cavity also induces pressure oscillations Computer programs based on the hydraulic re--
on the impeller vane which has a tendency to quirements have been developed which design
fatigue the leading edge of the inducer, the impeller and result in automatic punching

In order to improve the life of the impeller of the tape for machining. Thus no dr=twinge

to approximate commercial pump require- are required, and human errors are reduced to
a minimum. Turnaround time *or experimen-

tal impeller desigp is greatly reduced. This
RocketE_inaPum_ technique is one area of rocket engine turbo.-A Few Poundsfor Small Units to 8000

Pounds forHighThrust Engines pump technology which ]s directly applicable
to commercial pumys.

The impeller design and machining computer

i - .... : ,,:,: _i program receives as input in tabular form the
--_ "_:;: ' vane angle distribution and vane thickness dis-

-'_.,_---'- ' "-i _"_<_., tertians for two stream tubes (tip and hub).
•"_ ' '"_;" In addition, vane cant, trim sweep, arid 1,mAing-

!'......... _. _" ' _" edge thickness is _pecified. The pr,)gra, a (suc-
=:-- ; ., f7:7 tion and pressure) produc_s surface coordinates

, " _ ;_ 0, R, Z along the inspection stream tubes and
..i_-. _ trim coordinates 0, R, Z is printed form and/or

- " magnetic tape. The results are then input to a

, cu_ter selection program _.here the maximum

,,, .s ,f_ cutter on hand is saluted for hogging out of
-- passage, scrubbing of hub, aud finishing of vane

Fuel tudx)pump(wt = 8000 Ib) for 1.5 n,i:'ion track. Once the cutter is selected coupled with
poundthrustliquid hydrogen& liquid oxygen cutter holder (omnimil), the cutter coordinates
rocket

are computed (compatibility with cam machines
CommerlcalPumps also) and t :anslated into axis position coordi-

Fractional to Many Tonsfor LargeHydroelectric nat.A_for the five axis nurr>,_rical control omni-

ProjectPumps mil. The above program is a contu.uous pro-

gram; that is, design and machim ax,_, coordi-
:-:_ ,'_-_'..'," nates are given in one pass on th _ IBM 7094

-,'_,_v.- computer _ith a present estimated execution

_ _ time of 15 minutes for all punched tapes (fin-

ishing, roughing, hub scrubbing, and trim for

• ! r_ :!,_, _ _ all passages of a main vane and two pa_ial-; t_ _tJL_A_kil f vaned impellers).

_ _J The pump housing (see fig. S) isa rigid com-

_l _ ponent necessitated by the high-pr---_,sure levels
i - - _ "------#_-_-'Tt'- under which it operates. Most of the housings
l Pumpdesigncharacteristic=for ¢ommeroiolapplication_;weight is of little concernhere are castings of high-strength material end are
; known to Slave considerable residual stresses

!, Fmtraz 3.--Comparison o/rocket and built in. Also_ the separating force due to the
i commercial pumps by weight, pressure load is mostly taken by the splitter

i
-t
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16000
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i '15 I_ '

• 13_ ..- ---4

_'_ I! 000 Turboprop-

:_ I0000 -- 25000
It-- %.

.i p

9900 24 000
/ ..a

/
6?

8000 Tud_ump Assembly / 23 000 -_
with BoosterPump .-_Q

6000 _ ,"""- Tank

" "-"- J I5000 " 20 000

0 i00 200 300 400 500

Net PositiveSuction Head, ft

Fm_v_x 4.--Weight versu_ net positive guetion head. Fuel tmrap for a 1.5 million pound thrust
LO2/LH2 rocket engine.

vanes which constitute the critical members of
_0 I i ----

! [ I , , I , the pump housing. The splitters are also ex-
; I l i I i posedto high frequency oscillating loads due to

_,,- I _ J?---- I.-" [ J t the aerodynamic forc_, and thus the typicalt t m-pro2_ -/] ! ; ,

• ,I ] ' l/ ! ; i i mode of failure is fatigue of the splitter vane&
• . I I /_" ] I '_o 1 ; , .= _ Improvements in housing life can be achieved

i I : " ! I/ I i : I
i i A' I I ! ] by using fabrication methods rather than cast-

" I { !/ i [ i ! I ings and thus reduce the problems of residual
"_! i /_ [ [ [ ] ] stress. Improved design of splitter vane_ to

/! !! ! ! I ! provide greater flexibility aa.d better load sh_r-
! , I ing will also improve housing life.

/i ! I ] __ J___ , The life of rubbing seals is dependent on the'_ / I I ' 3- -'
and the surf_

at 1 I , , _ pamcumr appncauort on
I ' : I i
t I i I i 1 , velocity and tl.e seal pressure requirements.

o,,_ _ ,,,o Se_ls are the .most troublesome components
. _- within the rocket en_ne turbopump. A list of

Fxov_ 5.--Trend of future pump discharge typical seal materiMs used is shown in table I.
pressures. For lower pressure and temperature require-
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merits of tile earlier rGc.ketengine, commercially dynamics. Ill fi_zre 10, values of sealing pres-
available bellows-type face seals and shaft- sure and sliding --elocity for conventional
riding _:tls have been used satisfactorily due bellows-tyl_ face .seals are given. The solid line
to the short life requirements (see fig. 9). With represents tile values which are limited by cur-
the steady iuerease of pump di_harge pressure rent technolog)- in the areas ,_ferred to above.
and increasing turbing temperatures, the re- This limit line has Imeu impcored by the aero-
quirements for shaft seals become more exact- space industry in the past. few years largely
ing. These trends require continued techhology through the development of scuff-resistant
improvement in the ar.'_s of materials, lubric,'t- tungsten carbide coatings, nonabrasive carbo,
tion, design, and new seal concepts and analysis, rubbing ma,terials, vibret_on dampeners for bel-
including vibration, heat transfer, and thermo- lows, seal desigals providing uniformity of cross

sect.ion (distortion), and optimized face !cads
to prevent excessive heat generation. Methods

RocketEnginePumps of bonding and holding face carbons at both
400 Ib per sq in. for Small Low Performance
Engines to 5000 Ib per sq in. for Experim'.ntal high and low temperatures ha, ve also been de-

High PressureEng[ne_. ycleped. Improved bellows designs for high
pressures to minimize fatigue and other static

ILa'ltO_lt_ ' ,JOW_EH

,<_,,_,-.._ ............. _o,_,, seal concepts have been daceloped. Future ad-flair'. .................... I_D)LII _[C ta2

:_._ v,,ncements are expected to expand the useful-- _ GAS* GA$ Iqll[ll_l_[I CYCtI

I_'__ ,_]_p:__-_-" ness of face sea-s to the material limit shown by

curve are achieved through improvements in

,,_,"_'_i____._,''_ , _ design to minimize heat and are limited by the
_ " melting point or thermal stability of the rubbing

. -.: _ .,__ _ material_-" Ttlllll_ Ill t

: ,,<o.._ Rotating shaft seals for appiica_,;,._ exceed-
• ¢tACli "_"'-"_' ...... ll.m D_"N_.(

::=:= ing the dashed line of figu:_ 10 are currently
, ,._l _ 10,_,,,-, o, ' - • under development. Or.e promising type is a

_CHAItGE

,',,_" controlled-leakage seal which rides on a fluid

High p,-_,ssure (50{, t_i) fuel turbopump for a

: 300 000 Ib thr._t liquid hydrogen/hquid oxygen
" rocket ens;ne

I.O ----T_']-I Fmctlonal to 6000 Ib per sq in. for Appllcatlom I

Such as Boiler Feed or Hydmullc Fluid Supply " _.__ ;- - _:=]Pumps -! .._ _ -

I
, ,:zt/i.,/ /I,,Tff] _ _ "*

gH_ _l_ S_lfi, c
;;_ti_l!''1'/,,/,/ ///'/#l,.'_"_t_i_'_fl'/IS_ _ .s Se,,,dh..i.) t"= l _l// "t i

\ , :" " .2 • P_d_ i

[ Hydraulic fluid feed pump (1800 I_i dischole
_._ or 5400 psi when in series operation) o' u ,_ _o _ _,. lClc;fic

• _ Fmv_ 6.--Co'm,par_lon o/rocket and commer- Fmunv. 7.--Oo'm,pari, on of rocket and _,omme,,,

f c/al pump_ by discharge pressure, eial lmrnps by effwleney.

i 796-453 0-_;¢
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TABLE U--Seal Material_ De_._o,qed for High Epeed Dry Friction Cwtditio'r_s

,. ] ;
: I,ife expectancy I Application Materials

i Face tiding seals
i
!

i
I Greater than 30 minutes life at Running tings ........... Tungsten-chromium carbide ',LW-5) coat-
! 125 ft/see and 450 psi. ing on Inconel X.

• t

! Stress relieved hard chrome plate on 304i

stainless steel.

"_ No6epieee__. ........... [Barium fluoride impregnated graphite
:. i Ii (P03N).

] Barium fluoride ._mpregnated _nto mixture

I [ of ground carbon and graphite (P5N).

i Shaft riding seal_
!

i. Greater than 3 hours life at 325 Sleeve .................. Tungsten-chromium carbide (LW-5) coat-
i ft/see and 200 psi. ing on A286 steel.

I Bearing ................ Mixture of ground carbon and graphite(CDJ83).

I

_]m. This is accomplished by a hydrostatic or propellant-cooled rolling contact bearings. The
hydrodynamic action between the seal face& cryogenically cooled bearings _ave been very
Theoretically, there is no limit to the life speed successful. Encouraged by these successes,
or pressure capacities of this type of seal. Metal operation of bearings in noncryogenic propel-
parts also provide great resistance in a high lasts is now being considered as a practical
temperature environment. The main di-_d- design solution.
vantage of this sea! is that a controlled amount In conventional oil-lubricated bearings, fric-
of leakage is required. This seal offers a solu- tion, asperity welding, and wear are minimized
_ion in some high temperature nuclear by the presence of an oil film. In cryogenic
applications, bearings, friction, asperity welding, and wear

Another type of noncontacting seal is the are ,:'.-imized by an abundance of cooling and
visco seal (fig. 11). This sea] offers zero leak- the formatiui: of surface films commonly
age and is particul_ly suited for sealing against known as dry film lubricants. In oxidizing
a vacuum. In many applications, a buffing environments the formation of surface oxides

fluid compatibI._ with the propellants which of the bearing material acts synergistically with
must not be mixed cai, _ ournped against the most dry films. Molydisulfide in a sodimn sill-
propellants. This seal has succes_;ully _:.'_n- cate binder sprayed on the races and cages has
tained virtually zero leakage of od and mercury been successfully used for LH2 service. Teflon
into a vacuum at speeds exceeding 10 000 rpm. -_n:.:!_llyI-u_-nlshedon the race sut fac_s and par-

The earlier rocket engine turbopump use0 tially replenished by _flon-giass cage materiaie
cow.mercially available rolling contact oil bear- has been successfully used in LH2 and lox
ings v'hidl created a design and operating prb_- service.
lem due to the incompatibility of the lubricant Aerojet-General has foun¢_ that the cooling
with the propellants used. The aerospace in- of the rolling elements is the most. important
dustry therefore initiated a new technology of design critsria, provided the clearances are cor-
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ROCKETENGINETURBOPU_[PTECIINOLOGY _

rect. To this end, special low profile cages (fig. The use of these low profile cages has increased
1"2) are used which allow maximum exposure bearing life threefold or more.
of rolling element surfaces to tile co'ogenic The ultimate mode of surface failure of
fluid, and also allow maximum cooling at the properly designed and installed cryogenic bear-
rolling element--cage pocket sliding surfaces, ings relating to rolling contact is not clearly

_wat rF_l _60_

Pump Seals

Pump Housing Life:
Life: Hot Gas Exposure ° 600 Sec

More Than 3000 Sec Propellant Exposure - 3000 Sec

Typical/Vk_e _f Failure: Typical Mode of Failure:
Fatigue of Splitters Due Wear and Excessive Friction

To Vibration Causes Thermal Distortion

Pump impeller

Life: Pump _arings

Approximately 3000 Sec (Oil Lubricated)

Typical Mode of Failure: Life: 6000 Sec

Cavitation Damage Typical Mode of Failure: Cage Disintegration

FIOURE&--Typical turbopump c_mponent life. FIGURE9._Typical turbopurap component life.

_---4
l

i
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'_ [ ! , l I [ defined. Failure can be caused by mechanical
I-,0..".....s.=,,''_._ [ fatigue or thermal effects. Thermal effects in-
b _..,_._.,, ; l clude: minute surface annealing, minute

\\xl I

• "_"[ I [ asperity welding, or thermal fatigue (fig. 13).
t i When surface temperature cycles and gradients

X '_ _re considered, thermal fatigue appears to be
,_.2 ' \\ ! very significant. Future long duration (10 t_

4O0 %._ J' _ \ t 100 hours) testing of a large number of bea]-
I "-. | ings will be required to define the mode of fail-

$_e-o/-

l -'--'-- [
o I_0 _0 _0 400 _0 600

V-Io¢ih¢, h/_ % .

Fmmm lO.--Predicted face seal P versus V __

f,.l_,t_,'.- Q. Ill ') a_'.=-._

_l_U"'_'7 7 _ # r ,-_'_` /
2_l/i//I/,Vl_//(_,'/I)iV_ _//I//1///1/2_ ..............

1ii72/ " -
F_ l i.--Bu/f ered viseo-seal system. ,,

FIGUres12.--Low profile cages. Flov_ 13.--Failure effects.
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[ I_,,._.,,,0L,,.c_._ of tile dry fihn lubricant (such as Teflon-

"°_ zl ---V- _! containing materials), an optinmm wec.r bal-
t\ _'-'°_'" I ] . ance must be determined between adequate

30___2_ ....... 1...... _-- _ lubrication and excessive deposition.
I \ I / I i

_,..,,,,. , \ ! _" ,,, _ I Development programs have passed through

_-"_" __:"_ ] ] successful phases of feasibility testing under a

2.__........j_,.....__ '°_' wide range of operating conditions. Life ex-

"..__-'_ pectancies of several hours are reasonable for'-_----_ r'-_--.._Lj _ -\ most aI)plications before failures due to sliding
friction occur.

i

5306 I0 000 !5 000 20 _10 25 000 . _t_

FIC-lYRB 14.--r_/p/ca_ tltrbo_T_p collbp_, i''_-.,_:_

L'_fe o/LH_ cooled rolling contact bearings _ ;.", _"
(optimura selection of bearing size for re-

quired tkrust ) . ti-. . _. . .. ,, _

2?dr i " _ "

ure related to rolling contact conditions. The -- -./>:" _
life expectancy of rolling contact bearings as a '_ "_' : * ..._i_,:: T"

function of DN and load is shown in figure 14. ' :';: "
In contrast to ultimate modes of failure relat- . f : " ' _- • "

ing to rolling contact conditions, problems of _" /
sliding friction and wear are associated with ¢'* " ::

intermediate modes of failure. These inter- " _ . :_..,_- -." --"".. _
mediate modes are: loss of clearance due to cage __ "
wear debris, excessive roller skewing, and roller _ " -._

skidding due to rapid acceleration (fig. 15). -.,.._:,
Cage wear debris problems are solved by the "_m_l_:_- ..:_
_lection of cage materials which provide both
low friction and low wear. In cases where cage
wear debris are used to provide replenishment

FmuR_ 16.--High performance oil lubricated

.,_ _ gearbox. Turbi*,te: power =51_1. hp, speed

_.:!<:_!_7 .-. "'**":((_-i ""_ =_7.3 rp_rb; f,_tei _mp: power=$599 hp,
,**_*. , _< speed=9137 rpm; oxidizer pump: power =

......:_ ..... ,_._ . __.a_._ I _]gq$hp, speed=S315 rpm.

GEARS

•. _, _ • In the earlier versions of rocket engines, it
" . was decided to couple the fuel and oxidizer

mlll___.: pump mechanically in order to simplify the
1 _* - ...... --_'_ control system problem. This was achieved by

means of a gear train as shown in figure 16.
Fmua_ 15.--Inter,mediate modes of failure. These gears are oil lubricated and are of ex-
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TABLEII.--Pertinent Gear Box Specification

Model 87 Model 91

Horsepower (nominal) ........................... 5141 2300
Input speed, rpm ................................. 23 873 23 850
Output speed, rpm .............................. 8315 8480

9137 23 850

Acceleration, spec to full rpm ..................... 0. 8/1.2 0. 8]1.2
Gear pitehline velocity, fpm ...................... 17 600 17 200
Tooth loading:

Compressive stress, psi ....................... 165 000 157 000
Bending stress, psi ........................... 87 000 oz d03
PVT (scoring factor) ......................... 2 900 000 2 700 000

Required total life, see ........................... 3370 4280
Duration, see ................................... 198 252
G loading:

Acceleration ................................ 5 9
Vibration ........................................................

Oil flow, gpm .................................. I 3. 3 1.2
Heat exchanger, btu/sec ......................... i ....................
Bulk oil temp., °F .................. _____ 250 270
Lubricant MIL-L-7808 (capacity,-qt)___-- .... :_'_i 4 2. 1
Weight-dry, lb ............................... I 228 113

I

treme light weight for the large amount of as 52100 beaci, _ ,_20 and 9310 gears, and so
horsepower transmitte.d and have unusual oper- forth.

ating requirements. The gear box specifics- The lubricant used in this gearbox has to
tions are shown in table II. meet specific requirements. The viscosity has

These gear trains have to withstand an en- to be very low to prev_at excessive heat gener-

gine start where the engine is accelerated to ation. The lubricant must prevent air entrain-
full speed and power in a fraction of a second. _nt to carry away the heat from the heavily
The mission is so short that the gearbox does loaded gears and bearings. The lubricant
not reach a temperature equilibrium and thus should be compatiblv with the pr(-_llants and
has to withstand transient temperature distor- prevent the formation of harmful solids which

tions and stresses. Since the gearbox has to be tend to form in the seals at the propellant
able to operate in vacuum, it is completely interface.
sealed and pressurized. The cooling of the gear To meet these requirements, a special lubri-
teeth is achieved by oil jets a_ the our-of-mesh cam _has been studied. This study resulted in
side of the teeth. Another unusual require- the f_rmulation of an oil containing additives
ment of this box is the relatively long storage which are of interest in e_mmercial applications
time, and thus the lubricants used have to b_ that require a low-vi3cosity, high-load, high- "

compatible with gearbox parts to prevent cor- speed lubricant. Experimeutal loads carrying
rosion during storage, phosphorous additive_ have been synthesized

Corrosion resistant materials are used where which are active enough to provide a higi_-load
gearbox parts come into direct contact with the capacity in low-visc,_ity (low-load" capacity)

propellants. AM350 is used for both output base oils. Thes_ a._4i_ives offer promise in
shafts. The turbine shaft coupling is made high-speed commercial gearboxes and for gear-

from 17-4 Ph. Interior gearbox parts are lab- boxes of commercial aircraft engines. Previ-

ricated from more conventional materials such ous to this development '=,,high concentration of
.t

i /

/•
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B._CKET ENGINE T/fRBOPU_IP TECIINOLOGY 33

less active additives has been used which cause

cleanliness problems in high-temperature areas. ,_ L :.
A new soluble polymeric ad, itive which re- v.,_ ¢,,,_rr

places previously dispersed silicuns has proven __:, ._._x,x_x..w._.,,_

effective. In many commercial high-speed
boxes, lack of cooling due to air entrainment is
a primary factor governing premature wear

and failure. _(- / _ _ _,,,w ._z_-

INDUCERS _0'- "_ z - _ cave z_'_'ru

In the s_te-of-the-a_ of hydraulic design,
the aerospace industry has made its contribu-

tion mainly in the field of inducer design. Fmvrm 17.--Flat plate inducer blade design.
Inducers were developed to operate at very low

suction pressure and high speed. Since both
The blade angle setting of the inducer isof these parameters affect the cavitation per-

formance, they are combined in a characteristic dependent on the suction specific speed (fig. 18)
and is decreasing with S. The optimizingsuction--specific speed number which is defined

as: angles in this figure are such that the static
pressure difference to the vapor presure is

o n_/Q optimum. For very high suction specific

'_----NP---S-H3/* speeds, the eye diameter is only a function of
when _ is measured in rpm, Q in gpm, and NPSH.

NPSH in ft. Under cavitation operation, a In figure 18 the design solutions for the
vapor bubble is formed on the leading edge of various specific speed regions are presented up

the inducer and extends far back into the flow to 7000 S; for the low specific speed region, no
passage. .Tfcavitation reaches such a level that inducer is needed. The region between 7000 to
the passages are about half filled with vapor, 50 000 is the region where most rocket engine
the pump head breaks down completely, turbopumps operate and requires an inducer

It is therefore the objective of the inducer which can be either integrated with the main

design to keep the thickness of the cavity to a impeller or separate.

minimum, and this is done by keeping the blade For extreme high suction specific speeds, the
thickness thinner than the thickness of the pump needs a second inducer which operates at

vapor bubble. Extensive efforts (ref. 1) have low speed. This second inducer can be driven

been made to define the shape and the thickness hydraulically by tapping off from the main

of the bubble, analytically (fig. 17). It was pump stage or by gear train if the pumping

found that. the parameters affecting the cavity medium permit:.
shape the most are the blade angles, the fluid

: angle, and the NPSH. As a rul_ ,ff ghumb, it TURBOROCKETPUMPTECHNOLOGYmR PRIMEMOVERS

can be said that the ratio of fluid angle to blade As prime movers, for commercial application,

angle should be 1 : 2. it appears at a first glance that the turbopump
Based on the cavity theory, the leading edges technology has no chance to compete against

i of these inducers ar_ ry thin and structurally the air-breathing engines, in particular, against

weak. In order to cak_ the heavy pressure the aircraft turbopump engine which uses rela-

, loadings, the leading edg_ is trimmed back so tively inexpensive fuel and readily available
,

that the tip leading edge :s located where the air oxygen and has a long life capability.
hub has the full vane thickiLee_. The fairing However, there apptars to be a special ap-

of the inducer is usually linear to simplify the plication such as short duration emergency

fabrication (fig. 17). power generators where light weight is a

-w..A

I
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Fz_:av. 18.--Puonp cavitation per]ormazwe.

necessity and short operational life does not The power pack, which is described in figure

matter. Such a special requirement, is believed 19, utilizes a solid propellant power source

to exist in _.:..cmerge.cy standby unit for heli- which is an adaptation of the Aerojet Model

copters. 15NS-250 aircraft, rocket engine developed as

an assist-takoff engine for aircraft of less than

,.,,, "0----""_ ,_.____,h.,,,.ozz_ t0000 lb gross weight. This rocket unit,

._, _____,u,,,.,.o,o. widely known as the Junior JATO, is ideal for
" ' TUI_I|NE (XHAUIT

(-_ "'""o'-o use with a turbine drive to provide sufficient

'"" ""_ [ _ ]l_ power for a helicopter standby engine. It is

"" ""_ [_ _ inexpensive, readily available, and reliable; itprovides power instantly and is completely self-

_:::_I _ _[_:::_ sufllcient; it is one of only two rocket engines
Lo.,=_,,,J Z,,u¢o,,_, ,,,_ having FAA certification, both of which are

,,,.,,. ,0,0, ..,,t ..,,. manufactured by Aerojet-General Corporatier.

-- The 15NS-250 rocket engine is safe to handle,
FORWAFIO AFT

easy to replace, and has a history of increasing

- Fmve._ 19.--Helicopter _ta_dby engine payload and safety on many fixed-wing air-
schematic, craft (fig. 20).

_L
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v J-J__

r;,GUaE 20.--tlelieopter standby er_gine iws'tJlation.

From one to six 15NS-250 units may be standby engine weight versus number of rocket
mounted to the standby engine. Helicopter units i: shown ill table II!. The rocket units

may be fired singly, giving a nominal 500 shaft
TABLEIII.--Itelicopter Standby Engine-- horsepower for 15 seconds per firing; or they

Weight Summary may be fired in pairs, giving 1000 shaft horse-
[15NS-250 weight, 42 lb; Support structure weight per power for 15 seconds per firing.

15NS-250 unit, 2 lb.] The helicopter standby engine employs a
rotating assembly because it is much more efli-

Numbcr Direct drive Clutch drivc
of Model standby engine standby engine cient to obtain thrust from rotor shaft power
15NS-250 weight, lb weight,, lb than from rocket jet power. For example, the

uaits 15NS-250 unit, which produces 250 lb of thrust

as a rocket engine, will produce 5000 lb of
0 95 117 hovering thrust when its jet power is converted
1 [ 139 161 to shaft power by a turbine and transmitted

2 183 2O5 through gearing to the helicopter rotor shaft.

3 227 249
4 271 293
5 315 337 REFERENCE

6 • 359 381 1. _TRIPLING, L. B.; and ACOSTA, A. J." Cavitation inTurbopumps. Pt. I. ASME paper 61-WA-112.

L
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4. Monitoring of hnpurities in Fluids and Gases

W. A. RIEHL

George C. Marshall Space Flight Center, NASA

Aerospaec_ requirements have engendered th_ need for instrument_ for auto_mtie deter-
ruination of tra(,e imlmrities in liquid ahd g_lseoltS systems by ih-line (,ontinuous oi)eration,
These ih(.lude devices for the autom'ttic sizing and counting of minute Imrtieles (below 0.1
Illlll ] i_ closed liquid and gllSeOll,_ sy._t(qns, and the a/ltolllatio (leterminati(m of n(mvolatile
residue ill solvents and tra(,es of h.vdroearbons dissolved or dispersed in gaseous sys*ems.

The principle of operation, and (.haraeteristi(,s of instruments, as well as results of
experimental testing, are briefly described. Potemial industrial appli(,ations are also
suggpst od.

The deve]ol)ment of aerospace systems has Until the aerospaceindustrydeveloped, it was
Sl)a.whed nmnerous requirements fox" monitor- common to specify that liquids, gages, hard-
ing impurities in fluids and gases. Generally. ware, and other systems must be "absolutely
these ma': 1)eclassed as methods for monitorin_z clean." This was usually interpreted _o ihfer
both solid ,')r 1)articulate impurities in liquids freedom from spurious particles when viewed

and gases, and soluble or dissolved impurities with the naked eye.
in solvems and gases. Because it was found that such "absolutely

clean" systems stili produced malfunctions in
SOUDtMPU_m[SfN UOUtDS aerospace hydraulic sy:'t_,ms, micr(,seol)ic ex-

Because of the extremely high fuel consump- amination for forei_zn 1)ar_wles was undertaken.

tion rates in Sl)qce flight, l)ractically no drift ()bservation of myriads of l)artMes too small

can be tolerated ;,, the trajectory. For ex- and/or tee few for resolution by the human eye
ample, in the Saturn V vehicle, a drift off-com'_ led to the recognition that no surfaces are "al)so-
and correction in less than one se('_md would un- lutely clean". Absoltfle cleanliness is similar to

necessarily ('onsmne tons of propellants and absolute vacumn: :t can be "_pproaehcd but
never reache,l. Thus, cleanliness nmst be de-

('enid result in loss of the mission. All of the
fined in quantitative terms; that is, the number

Saturn vehicles (and currc-ntly vll large space of particles in various size rai,tzes per trait
('raft) are guided I)3" swiveling ,,)r gimbaling volume or Sllrface.

of the engines. "l'!;is swivelin.,_ is aecoml)lished The need for quantitative definition of clean-
l)y use of hydraulic fluid power systems. To liness for fluids and surfaces has result:d in

provide ultra-high s!<.ed of response and ex- ral)id advances in methods for in-line monitor-
treme!y low-drift, the valves controlling the in/z of particulate contamination in gaseous and
fluid flow musl have extremely close tolerances, liquid systelns. Initially, mieroscol)ic methods
Minute l)artMes entrained in the hy(lrauli(' previously, develol)ed fm.......,,,o,,,,,.:;_";.,as.... iiii" poliu-

fluid may cause blocking of small orifices, drag tion were adapte,t io aerospace needs, and ac-

in response, and other undesirable results such eel)table qm, ntitative levels of contamination
as a "har<l-over freeze." Therefore, it is essen- were ,,stablished. This method was time col_-

tial to l)rovide f,xtrenmly ,,lean fluid, stoning and tedious, frequently curtailing l>ro-

,)'7
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duction or fabrication schedules. Furthermore, pulses are discriminated into discrete cate-
. it was necessary to extract a sample of the fluid gories correspon.l:ng to selected particle size

from the system. ,Thus, the need arose for an range: and tallied by means of electronic count-
instrument capable of autonlatically sizing and era. Tests ,,_qde at. this center on One such

counting particles in a closed system; i.e., in-l,ne instrument gave generally unsatisfactory re-
" oper._-tion, sults in that the automatic counts bcre little

Three instruments have recently become av ill- relation to counts obtained microscopically.
• able for continuous in-line monitoring of 1ar- Further development is needed before d'tta ob-

ticulate contamination in liquid systems; one tained from instraments based on this principle
is based on ultrasonic methods and two on light can be accepted as reliable.

phenomena. In response to aerospace needs, a small corn-
In its simplest form, any automatic pa_mle pany on the west coast designed on its own

counter consists of two systems: (1) an aerosol initiative, and put into production a line. of
o_ fluid-handling system to transport the gas automatic particle monitors based ov the photo
or liquid sample with its load of particulate me- extinction, or light blocking princil)le. In op-
terml through the counter, and (2) a counting eration, tim sample of fluid passes through a
system to generate anti record signals which counting cell in which the flow characteristics
must equal the number of particles and must be are such that. each solid particle passes the win-
preportional to some function" of their size. dow in single file. Light is collimated into a

The a!trasonic particle counter (fig. 1), de- I_arallel beam and directed through the fluid

signed and fabricated by the Sperry Corpora- stream so as to impinge on a photo-tube on the
tion under contract to this center, is based on opposite side. Whenever a particle in the fluid

_ the phenomenon that solid particles in a fluid stream passes the window, a portion of the
will reflect the ultrasonic beam back to the light bea_m is ir.terruF_ed. This creates a
source, the amplitude of the reflection being change in the output signal from the photo-tube
dependent upon the size of the F Lrticle (fig. 2). which is proportional to the size of the particle.
Experimental tests by this center b.".v_ _hown The change in signal is amldified and sent to
that once the instruwent iq c_li_rated, results counter circuits that. !,ave been adjusted to vari-
o_n ha eorre],qred with _ko_e obtained with the

slandr.rd _ltration and microscopic counting _:,__ -_ --,
procedure. The inst:-ument provides a single ._ - "..... '_"_-

output signal, if d,-._ired, which is proportional @-tlb ...... ] t_. _ !
to the contami,,-_r.ien ,nd can be fed into a st_'iD- lm_

chart recorder. However, there are ._.veral • _ _ ,
drawback.° to t .;s instrument. Skilled effort is

required to c_. brate and maint._in the elec- :_ _ =

tr,',ie _mponents, and r,Aitt_h quantitative __ts-: couq_s ..,a be made onty with particles over 25

microns in s;._. The results are also non- _rb_]_ ._._..
• li'aearly related to the microscopic counts. 3

To utilize light scattering phenomenon for __-_

p_rticle monitoring, the sample is passed _ . _-:i ,.
through the counting cell, which is illuminated ._ ":._Y _ .;

, by a l_am of light. ParticuLate material in _ .. / _4 '_ '

_- the sample medium scatters the light iv, all di- _" .- _ _i
met.ions. By mounting a photomultip_':er tube •
a_ 90° to the incident beatn of light and connect- . ,, _..- _-_=__i_:-___:___,
in/: the output *o aFPropriate electronic cir-

cuil_T, a series of pulses is obtained. These FxGuaz 1.--Ultrasonic pa_'ticle counter.
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MONITORING FLUID AND GAS IMPURITIES 39

ous sensitivities for simultaneous counting of stringent reliability; requirements have neces-
individual size ranges. Then, tile particle is sitated more stringent manufacturing and
tallied according to its size. After passing a&sembly operations. Consequently, new con-
through tile cell, tile sample is collected in a cepts and apparatus have been developed to
graduated container .so that. the results ,'an be permit manufacture and assembly of compo-
recorded as number of particles per given vol- nent_ in environments sufficiently free of solid
ume of fluid. Alternately, the sample can be impurities so that these operations are no longer
returned to the hydraulic system by means of appreciably detrimental to the overall problem
a small pump which is incorporated in the of furnishing a clean component for the critical,j

counter. Tests at this center have demonstrated system. The air filters for the aid conditioning
that this counter gives results which are sub- systems and methods of construction necessary
stantially ";denticalto those obtained microscop- to achieve the required clean environmental
icaily for both in-line and laboratory sampling areas are sufficient to preclude the major source
operations, of solid impurities in these operations. These

environmental areas are so designed that solid
SOLIDIMPURITIESIN GASES impurities, including the smallest of bacteria

The heart of the guidanze system for all (0.3 micron), are also removed in the air hart-
Saturn space vehicles consists of a gyroscope, dling system.
To provide as nearly frictionless rotation as Initial efforts to determine cleanliness in
possible, it is supported by air-lubricated bear- pneumatic systems consisted of adapting the
ings; these bearings are machined to within microscopic method for the size ranges and con-
several hundred-thousandths of an inch and t_mination levels of intere._t. This undertak-

separated by only seven ten-thousandths of an ing was only partly successful since the extreme
inch (17 microns). Low pressure air (approxi- cleanliness requirements for such systems make
mately 2-10 psi), or nitrogen, flows through it desirable to monitor particles smaller than
this channel to float the rotating shaft. Natur- those which can be optically resolved by corn-
ally, the slightest particulate contamination in men microscopic methods. This situation has
the air entering the bearing could cause excessive resulted in considerable emphasis being placed
friction, wear, freezing, or _:t least unequal on development of an automatic particle
support. Therefor:e, it is essential to provide counter for gaseous systems and, particularly,
air as free of particulate contamination as on a counter suitable for in-line operation.
po_ible. The most widely publicized commercial in-

In addition, as the requirements of space re- strument for this application uses the light-
hicle and missile hardware systems became more scattering principle and is similar to the light-
sophisticated, and subsequently required ira- scattering instrument referred to previously for
proved monitoring equipment for the various liquid systems. In this instrument, the gas sam-
systems, another area of considerable impor- pie passes through the counting cell which is illu-
tance has evolved. In this connection, the more minated by a beam of light; particulat_ mate-
..... - rial in the gas stream scatters tb¢ light, which

,.r_" -;smonitored by a photom_:Itiplier tube. The,k
• J _ ,, resulting series of pulses is discriminated into

..... _ _ , _ _ discrete c,.tegori_ which correspond to selected

, _/_ ,_v _N_ _A/_.._!:!_,_ particlA size, ranges and are tallied by means
. ' "::':; of _l_cronie counters. Tests at this center

""" _"_","'_ "" , b.ave indicatedthatthiscounterisgenerally
• •_'\ _ __ " unsatisfactory for the most aerospace appiica-

k

. tions. The particle counts indicated _n the
instrument are not normally proportional to

FIGUSE2.--P_,.inviple of ultrasonic detection, those obtained microscopically.

1
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JN0U_IALAPPUCATIONS materials and traces of grease from all LOX

Each of the automat, i_ pnrtiole counters may systems. After scrupulous cleaning and de-
have certain advantages over the others due to g_sing, tanks and other components are in-
greater flexibility or counting accuracy for spa- spected by _ ._nal rinse with highly purified
cific applications. Although it has not been trichloroethylene or Fz_on, and the rinsings are

examined for any traces ot particulate and dis-developed for particulate monitoring in gases
at this time, the instrument based on detection solved contamination. In the standsr4 labora-

• by light blocking appears to have the broader tory method of analysis, particulate contaml
nation is removed by filtration, and tlle residualcapability. The calibration of tl_is system can

be accomplished for all liquid monitoring, if solvent is evaporated just to dryness and then
light can be trans_nitted through the fluid, and weighed to determine the nonvolatile soluble

residue (NVR). Because this method is tediousif the physical characteristics of the fluids re-
main stable when used with the counter's optical and time consuming, an instrument has been

system. Some fluids which probably cannot be developed for automatic determination of NVR
,_nalyzed with any of the currently available in solvents. The instrument is based upon light-
counters include cryogenics and certain cor- scattering characteristics of an aerosol spray of
rosive fluids. Currel.t and potential uses of the solvent and was designed and built by the
automatic particle counters for liquids include IIT Research Institute under contract to this
determ'nat:on of the size and distribution of center (fig. 3). A sample of solvent is contin-

abrasives, catalysts, metals, minerals, phos- uously fed to a neb'flizer, where it is atomized
phors, pigments, cement, ceramics, etc., by dis- with a large volume of air to pz_luce micron-

sized liquid particles of solvent and solublepersion in an inert carrier fluid, as well as
determination of the inherent cleanliness of contaminant. The large volume of air crape-

fuels, chemical solutions, and other liquids, rates the volatile solvent, and the NVR is left
behind as an aerosol in trichloroethylene vaporAutomatic particle counters for gaseous sys-

tems shc.uld be valuable, not only for monitor- and air. The aerosol size is dependent on the
ing clean production environment, but also for contaminant level. The aerosol, surrounded by

investigation of air pollution or dust areas and a clean air sheath, is fed to a photometer, and
the scatt_r,_ ]_g_* from a defined field of view ismonitoring radioactive materials and sterile or

medicinally clean areas, measured. The amount of scattered iigh_ i_
measure of the contamination level.

SOLUBLECONTAMINATIONIN SOLVENTS The NVR nephelometer is designed to func-
tion in two modes of operation: the comparison

Liquid oxygen is the most widely used oxi-

dizer in space vehicles; over 2000 tons will be i_:_:_:_used in the first three stages of the Saturn V. - ..... __. •
Pure liquid oxygen (LOX) is stable and not _: .':-

subject to detonation, but mixtures of LOX _::.'_- "
with most organic materials will explode under _:_____
conditions of impact. Aluminum valees and J
linestransportingLOX have beenobservedto _."*

explode and burn like wicks, with the only ex- ._ _ -...
planation being greasy fingerprints left during _-_- "
assembly. During the testing of spacecrat_ and ! ....
ground support equipment, explosions which
jeopardized the whole system b._ve resulted
from contact between IX)X P;nd incompatible -:-
lubricants.

For these reasons, exceptional measures are FxotrRE 3._NVR nephelometer (monitcrin 9 of
taken to insureremoval ,_f incompatible organic oil in solvents).
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test and t.be relative test. The comparison test through a long path of solvent (scrubbing
operation uses two nebulizers; one uses a con- train), evaporating to five cubic centimeters,
taminated solvent and the other a pure or refer- and : nalyzing by infrared spectropi,otometric
ence solvent. The photometer observes the methods. Limited sampling ability and the
aerosols from both nebulizeI_ for a.,xed period time required for this analysis has engendered
of time, and subsequently provides visual dis- development of avtomatic instrumentation. A
play of signal difference, which is printed out in device for this purpose based upon chromate-
digital form. The relative cleanliness level is graphic separaticu and determination by flame
det,_rmined by comparison of differences from ionization phenomena has also been designed
the noncontaminated (or reference solvent) and and built by the IIT Research h_stitute under
the contaminated solvent., contract to this center. Based upon prelimi-

The relative test operation uses one nebulizer, narv evaluation here at MSFC, several improve-
The photometer observes the aerosol for the ments hav_ been made, and the modified instru-
same fixed period of time as in the comparison merit is currently being tested (fig. 4), and is
tests, stores the information, gives visual dis- expected to function as desired.
play of signal level, and then prints the infer- In general, the instrument is designed to
mation. This operation allows determination sample gas automatically at a variety of pres-
of NWR in small samples which are obtained sures. A specially packed short chromate-
from batch-type operations, graphic column has been developed to separate

Experimental evaluation of this instrument at all hydrocarbon constituents at_ve and below
MSFC has been made by analyzing numerous C,,. These are introduced into a flame ioniza-
contaminated and pure solvents both instru- tion detector whose output is integrated and
mentally and with thestandardevaporation and monitored by digital methods. Each anal)sis
weighing method. Results show that, once c_li- requires 60 to 80 seconds. Calibration of the
brated, the instrument provides accurate anal- instrument by a mixture of known hydroc,_r-
ysis of the NVR in chlorinated solvents bons above C_, and by hexane (reference stand-
within 40 seconds (per _ample) and will detect ard for light hydrocarbons) is used to determine
down to 0.1 to 0.5 milligram per liter of NVR the hydr_arbon constituents in the gas stream.
(dependant upon the particular solvent). The lower limit of detection appears to be 0.05

Potential industrial applications of this in-
strument, include monitoring of the NVR of fl '"

solvents and the effectiveness of solvent deg_as- .__ing p_. __ ._- _
: $OLUt_LE CONTAMINATION iN 3A$ES -

Considerable quantities of air, nitrogen, and O i '*_ I"@_"'i'_
: helium are used in the Saturn, as well as in all .'_: _ _1_
.; c1_rrentspacevehicles.Itisessentialthatthese v.,_0 _ o:$ "i

gases be supplied exceptionally clean and free "_ ...... J3
_.$ .' - tooof oil (either as vapor or aerosol mists) to min- •

imize the possibility of contamination of oxygen _iiit__,r._

! systems (which would, introduce chemical re-

i action hazards). Traces of oil dispersed or dis- .,,i solvedinthegassupplytoairbearingcould
; condense and increase friction (as compa_d to
i air lubrication) and result in mechanical mal-t
[ functionof theguidance system. *
i The standardmethodforthedetermination
l of trace quantities of oil in gases is by bubbling FxouR_.4.--Gasetms hydrocarbon monitor.
t

!
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part per :nillion (by weight) of hydrocarbons or other gases for hydrocarbon contamination.
in gaseoussystems. Some possible applications include assurance

This instrument will probably be useful of the purity of gases in chemical processes, air
wherever it is necessary to monitor air, oxygen, breathing oxygen, and sterile rooms.
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5. Special Tooling for Joining Tubing in Place

R. MEREDITH

Engineering Development Laboratory, North American Aviation, Inc.

The Saturn S-II stage and tile Apollo spacecraft will include ill their design and con-
stru(.tion various pressurized tubing systems that will encounter service temperatures of
2S;0° F to --423 ° F. Design engineering and reliability rt_luirements and weight restric-
tions have dietated new concepts to assure leak-tight joints for rocket engine fuel line_.
pressurization systems, utility systems, and hydraulic systems.

An investigation was initiated at N.rth American Aviation. Inc., Space and Informa-
tion Systems Division. utilizing the in-place automatically controlled miniaturized fusion-
welding equipment originally developed by the Los Angeles Division of NAA and moditied
to meet the needs of Apollo and Saturn welded tubular systems. The objective was to
make circumferential flanged weld joints in any position in 304L stainless for Saturn S-II
and sleeve-type joints in 304L for Apollo. In, .uel X. commercially Imre titanium. 7_52--0
aluminum, and 6061 2"6aluminum were also tested experimentally.

Extensive environmental, static, and dynamic testing programs were conducted to
determine the as-welded mechanical properties, design allowables, and reliability for the
tube joints. This paper discusses both the experimental and production phases. Sub-
sequently, the new tube welding process was approved and incorporated into manufacturing
fabrication methods for tube joining.

EXPERIMENTAL PHASE .k program was initiated at the Space and

North American Avialion's Space and Information Systems I)ivi.-:ion utilizing a

Information System I)ivision, I)owney, Cali- modified Los Angeles I)ivision-developed, in-

forni_', is principal contractor to NASA's l)lm._, automatic miniatm'ized fusion-welding
Manned Spacecraft ('enter, Houston, Texas, for tool for makin_z leak-tight joints in the tub-

the Ap(,llo command and service modules. Vn- ing systems. El_vironmental. static, and

der a separate contract the Slrtce and Informa- dynamic testing programs were required to

ticn Systems Division is designing and building determine the as-wehlcd mechanical properties

the Saturn S-II, tlm second stage of the Saturn and design allowable for welded tul)ing. An

V launch vehicle, for NASA's MalMmll Space engineering process specification was required

Flight Center, Huntsville, Alal)ama. for mamffacturing and quality control of the

The S-II design and construction will include new tube-joining process. Beca'4se of the high

pressurized tubing systems that will encounter reliability required, an extensive develol)ment

service temperatures of 0-80° F to -4:23 ° F. and testing l)rogram was necessary.
Reliability and weight restrictions have dic-

tated new concepts (as compared to meehanic_d OBJECTAND SCOPE
fittings) to assure zero-leak, lightweight joints The ol)ject of lhe program was to dttermine

in tubular fuel systems, if this equil)ment could be developed to operate

79,5-453o--66- --4 _t;_'
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leak-proof welds in all positions. T-#(- _-2t_

Plan of action steps: o.so oo8.oo_ ,
1. Development of an optimum joint (_L____--

design. R =T NORMAL TO TUBE

2. Determinai;ion of the radiographic MAxJCENTERLINEWITHIN0.005
standards for the welded joints. A DOUBLEFLANGE

• 3. Determination of the hydrogen and T H F

helium leak rate of the welded joints. - ...... -I-J_---- ...........|4. Determination of uniaxial tensile and 0.5

burst st rength. %sL_. -]14- 0
..... ,,,-- ............

5. Determination of flexure mad impulse- o _-i- / _ NORMALTOTUBE
fatigue life. MAX--/ CENTERLINEWITHIN0.005

6. Determination of space requirements for S SINGLEFLANGE
in-place tube welded joints. " FLANGE FLANGE HEIGHT #

7. Preparation of an engineering process NOMINAL THICKNESS # F --H, INCH, MINIMUM

specification. TUBE WALL
THICKNESS, DOUBLE SINGLE DOUBLE SINGLE

MATERIALS T FLANGE FL AhGE FLANGE FLANGEJOINTS JOINTS JOINTS JOINTS

Tubing materials investigated in the develop-
0.020 0.017 0.020 0.015 0.035

ment program: o.ozs 0.025 o.ozs o.ots o.ozs
1. 304L stainless steel 1.0-in. o.d. by 0.049- o.oas 0.025 0.03s o.0ta 0.040

in. wall, 2.0-in. o.d. ,by 0.040-in. wall, 3.0- o. 049 o.025 o. 03 5 o. 020 o. 0400.060 0.025 0.035 0. 020 0.040

in.o.d.by O.080-in.wall,&O-in.o.d.by o.o_ 0.030 0.040 0.040 0.040
C OiO-in.wall,0.75-in.o.d.by 0.028-in. o._2s o.o_s 0.040 o.oso o.oso
wall

2. 0.75-in. o.d. by 0.0'28-in. wall Inconel X *TOLERANCE* 0.003INCH
tubing

3. 0.75-in. o.d. by 0.035-in. wall corn- FmuaE 1.--Recommended dimensi_ms/or tube
mercially pure titanium tubing flange-joint p'rcparation.

4. 0.250-in. o.d. by 0.032-in. wall, 0.50-in.
o.d. by 0.040-in. wall 5052 condition O shows the minimum envelope space required for

aluminum, and 0.375-in. o.d. by 0.032-in. the in-place tube welding tool and is the draw-
wall 6061 T6 aluminum, ing used by design engineers to establish

minimum clearance needed for the tool. Fig-

EXPERIMENTALtOglPMllCr ure 4 shows the production flanging tool for use
on all joints except for in-place repairs where a

, Flanging

For the experimental phase of the prograxa i- _ "
before obtaining a flanging machine, the tube .......:': _:::_"',
ends were flanged on a lathe in a _wo-step spin-

form operation, The dimensions of the flanges -" " _ _ .... :.:

on variou_ wall-thickness tubing are _own in _ _'.............
figure 1. The 1.0-, 2.0-, and 8.0-in. diameter tube , ' :"

specimens were prepared by flanging both joint
component ends. Some of the tube specimens
were prepared by flanging only one of the tube i
ends as shown in B of figure 1. Figure 2 shows
a manually operated flanging tool designed and FmvaE 2._Manual in-plave tubing fla_ging
fabricated for in-place flanging. Figure 3 tool.
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SPECIAL TUBE JOINING TOOLS 45

TUBE GO A B ,_-,, r
(INCHES) (INCHES) (INCHES) //,'_--_ _

1/4 1.7 1.5
3/8 2.0 !.6

1/2 2.2 1.7

5/a z.5 1.9 r_
3/4 2.6 2.0

1 2.8 3.0

;--1/4 3.0 3.2 I _ l
1--1/2 3.1 3.5 il2 3.4 4.0

2--I/2 3.6 4.5

3 3.9 5.0

4 4.0 6.5

" i- '7 5.0 9.5 _ - . -8 5.0 10.5 i

FIGURE3.--Space required/or welding --- ' _;., ., _, : •
equipment. __ . ; "_ _ __

FIGURE 5.-- Miniature welder and welding

joint is cut apart and a section is removed and power supply.
replace by a new section.

Welding

jig, and tube-welding head clamped in place
Figure 5 shows the experimental welding set- ready for welding. Figure 6 shows the experi-

up including power supply, controls, aligning mental in-place welding tool that was used for
:--: the welding of 1.0-in. o.d. and 9.0-in. o.d.

"- '_ specimens. The photograph shows a 9.0-in.
: _-'_. diameter tube; adapters were used for welding

f the 1.0-in. diameter tubes. Figure 7 shows an

;II:''-_,_-_w_ ('_ experimental welding head that was designed

_ -:-,r and constructed to weld 8.0-in. o.d. tubing.v " Adapters were used as shown for the welding
,_ of the 3.0-in. o.d. tubes. Figure 8 shows an-

. _ _

FIovm_ 6.--Welding to. r being clamped around
FIGURE 4.--Pr_duvtion flangb, g _ool. _abe.

H
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r_

'g_ £i

D \ '

s

FIGVP_ 9.--Tube joint tack welded together.

TUBE WELDING

Figure 9 shows a flanged tube tack welded

together with a manual ? IG welding torch.

"_ _ After aligning and tacking, the welding head
was assembled on the circumference of the

flanged joint.

Figure 10 shows a 2-in.-diameter tube after

........... " welding. The internal inert-gas purging pre-

vented any internal oxidation, and a smooth
FIouaE 7.--_-in. o.d. welding toc! with 3-in. clean melt-through was obtained.

edapter. Figur_ 11 illustrates the operational sequence,

which is performed as follows:

1. The half ring gear _gment containing
other experimental welding hr_ad with an ex-

the tungsten electrode is placed around

posed arc. This type has the advantage of the tack-welded tube joint and locked to
being u:,_d very close to a flange.

the other half of the ring gear to com-

plete the ring gear assembly.

,- 2. The gear and gas housing segmen_ are
" ' assembled and locked around the ring

i: I:-J f -.. _""|'t: "_" 3. Prior to welding, the interior o_ the en-

__ -_i _ . ,_,,_ closed welding head (housing the ring

!. ' ......
• q

• . ,'I ' "*,_ ._,_r_,_c_¢_ ,_,,._i_'W,_.,;,'....................

,,,J_','_1_ "_"

....... 2._..

FmuaE 8.--Experimentvd welding head with an
exposed arc. Fm_ lO.--Gompleted _-in. o.d. tube weld.
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m"

gear and electrode) is purt'ed w!*,h 10
CFH argon: and the interior of the tube
is purged with 7 CFH argon for 3
minutes.

4, Tile welding operation parameters are
selected using vernier dia:s on the con-

trol panels, for example, 35 ami)eres , 10
volts, tl/_ in./min travel.

5. The miniature electric motor shown

below the ring gear ]lousing .rod welding
'mad propels the ring gear with the tung-

- sten arc rotated ,tro_md the fl,_n,,red joint

and fuses the flange as filler-met_i, re-
suiting iv, complet_ penetra:ion of the
joint.

The welding equipment performed satisfac-ASSEMBLY OF RING GEAR
torily in all welding positions.

INSPECTION

Because of the high reliability required, the
welds were subjected to visual, radiographic,
and helium-leak nondestx"uetive tests.

Visual Test

Approximate!y 200 tube-joint t_st specimens
have been fusion welded with this equipment,
The relatively few visual discrepancie- noted
were: (1) oxidized underbead due to lack of
adequate purging gas, (')_) lack of penetration

due to improper welding parameters, and (3)
lack of pen_ration due to off-, rater mislc :ation

ASSEMBLY OF GAS HOUSING of welding arc in relation to fla,age joint.
The lack of penetration ca t,lbe welds is over-

come by making a refusion ,'_eld pass over the

£, _'a affected area with slightly higher current
:-o __l_,i.: __ ..........,._ settings.

Rac"_graphic Test
'i I

Radiographic inspection of the welded tube

1 joints met the specification requirements of
ABMA--PD R-97A Class II, which k- satis-

factory for the systems involved.

*_ _ Helium Leak Test

All the welded and X-rayed tube specimens
were helium-leak tested with _t Veeco leak

ASSEMBLED rUBE WELDER detector. None of the leak-tested specimens
exceeded the specified maxin,'_,n rate of 1x 10-_

FIGUREl l.--,_finiature tube welder operational "St__(]cc He.
sequence, see
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MKmmw__tmzmmB medium used for pre_urizing specimens tested

Tables I through IV give G-e results of the at -423 ° F was liquid hydrogen. Figure 12
shows the typical burst pattern of flange-typeuniwxiai tensile test of subsiT_ specimens ma-

chined from TIG-welded 304L joints in 1.0-in. welded points when tested at ro_m temperature.
o.¢L, 2.0-in. o.d.. &0-in. o.d. and 8.0-in. o.¢Ltube. Figure 13 shows the typical burst pattern of
The tests were conducted at room temperature, the 8-in. diameter by 0.040-in. wall welded tubes
280 ° F, and -423 ° F. when burst tested at room temperature and at.

: 280 ° F. Tests were also made at -423 ° F. The

i,t,J _, v,m ,-einforcement rings, shown at the bottom of the
Table V presents test data on a number of photograph, were clamped around the bulkhead

welded tube specimens that were pre_iz_d to welds to force the failure into the center area
failure at room temperature, 280 ° F, and .--423 ° of the specimen. Figur_ 14 shows two 4-in_ o.d.
F. The test fluid used for pressurizing si_i- by 0.060-in. wall and one 8-in. o.d. hy 0.040-in.
m_ns tested at room temperature and at "280° F wall welded 304L tube burst test specimen_
was hydraulic oil per MIL-H-5606. The test The tests were conducted at room tempm_t:_re_

Note that neither the girth or longitudinal welds
Tsm.p. I.--UniaziM, Tensile, Test Data_l.O-ln. failed.

o.d., O.O._8-1n.Wall: 30_L Tube Figure 15 shows the typical burst pattern
and strength of the 1-in. o.d. by 0.49-in. wall

T_t tep,-p., ti_n, %
"F , ½ in. T&eLE II.--Un/a_-/a/Tensile Te,s: Dat,a---£.O-In.

Weldment___ 280 7J_.7 25
Weldment_ __ 73. 6 30 Test g ,., Eionga-

Weldment .o2o8_n'.... ."7.6 20 Test [ ., ksi tion, %Weldment_ __ 73. 3 " 30 -- _ in.

I74. 8 av 26 av
Weldment.__ 280 71. I 32

Base metaL_ 93. 5 22 Weldment._ _[ 280 6& 7 24

Base metal__. 94. 2 18 Weldment_ __] 280 75. 6 24
i

93. 8 av 20 av Weldment_ __[ 280 69. $ 20
-- Weldment._ _] 280 71.9 24

Weldment__. --423 25& 0 28 r 71.3 av 24 av
Weldment___ --423 24& 2 38
Weldment. _. --423 226. 4 40 Base metal__. 280 92. 6 18
Weldment_ _. --423 251. 3 30 Base metal__. 280 95. 8 18

242. 2 av 36 av 94. 2 av 18 av

Ba_c metal___ --423 289. 0 34 Weldment___ --42-3 276. 3 34
Base ,,aural___ --423 290. 6 34 Weldment. __ --423 223. 4 34

i Base metal__ --423 291. 1 36 Weldment. --423 273. 4 36
290. 2 tv 34. 4 av Weldment__ --423 255. 6 28 '

' 257. 0 av 32 av

Weldment__ RT 94. 4 32 -i
Weldment_ _ RT 96. 0 38 Base metal .... --423 288. 2 32 I
Weldment. _ RT 95. 4 34 Base metal___ -423 280. 7 30
Weldment__ RT 92, 2 34 I Base metal___ -423 281.6 28

' Weldment... :. r 96. 6 _0 I 283. 5 av 30 av
J 95. 4 av
' i_ [ Ba_s metal__. RT 112. 3 33

B&_e metal_._[ RT 116. 1 48 I Base metal... RT 112. 0 30

115. 1 av 47 av 111.8 av 31 av
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TABLE IV.--Uniazial Tensile Test Data---8_-

l,_ o.d., 0.038In. WaT1, 30/_L T.be

Test F,., Elonga-
TABLB III.--U.niaxial Tensile Test Data--_,.O- Test temp., ksi tion, _6

In. o.d., O.08-In. Wall, 30/tL Tube °F ]6 in.

I
Test F,., Elonga- Weldment .... 280 67. 7 22

Test rteomp. , ksi ti°,n.,n°/O_,-- Weldment .... 280 64.0 22Weldment__ _ 280 65. 9 20
Weldment_ _ 280 64. 5 22

Weldment_ _ _ 280 67. 4 20 65. 5 av 21.5 av
Weldment_ _ 280 67. 2 2_ ,
Weldment_ _ 280 69. 7 22 Base metal___ 280 95.4 ._
Weldment___ 280 67. 4 20 Base metal___ 280 90. 5 11

6& 0 av 22 _v Base metal___ 280 94.4 10
93.4 av 10 av

Base metal__. 280 66. 9 50 i
Base metal__. 280 66. 3 45 Weldment_ _ --423 234. 7 30

66. 6 av 47. 5 av Weldme.nt__ --423 236. 0 32
Weldment_ _ -- 423 226.0 30

Weldment_.. -- 423 264. 6 68 Weldment_ _ -- 423 233. 2 38
Weldment_ -- 423 196. 1 24 Weldment_ _ - 423 239. 3 32
Weldment_ _. --423 259. 5 26 233. 8 av 32 av
Weldmen+___ --423 216. 7 22

234. 2 av 35 av Base metal___ --423 236. 1 38

Base metal___ --423 234. 6 32
Base metal._. -423 221.1 28 Base mo*.sL__ --423 252. 3 38

Base metal__ --423 269. l 34 244.3 av 35 av
, 245. 1 av 31 av

Base metal___ RT 111.0 36

Base metal.__ RT 88. 7 75 Base metal_._ RT 113.7 31
Base metal... RT 87. 1 74 Base metal.__ RT 111.5 41

87. 9av 74. 5 av 112.0 av 36 av

7
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'i sleeve-type joints. Tile sleeve-type joint has

. b two advantages: it will _ith_md higher in-
,, tema] burst pressure and will maintain joiut

alinement-without tack welding, but it also has
." • .:, some disadvantages. It cannot be used inside

• , of loxtanksdue to loxcleaningproblemsand
" adds to the vehicle weight.

_d, ' Figure 16 shows the failure mode and me-[ *,

chanical properties of uniaxial room tempera-
- ture tensile tests of sleeve-'_ype welded tubing.

FIOURE 14.---Burst test speeime_ o/ t_oo _, m. Ft,_u,,r.caisueT,,,is
o.d. hy 0.060 in. waY] and one 8 in. o.d. by A few welded tube specimens were flexure-
0.0]_0 in. _oall _oelded tubes, fatigue tested. The setup is sho_ in figure 17.

TABLEV.--InternaJ Pre_su.re Test Da_ TIG-WelK Joint, 30_L Tube

Yield Maximum Operating Burst
Tube Wall, in. Number Test pressure, design pressure, pressure,

(o.d.), in. temp., °F psig pressure, psig psig
p_g

1.0 0.048 IF-I 280 ................ 3000 9000

1.0 0.048 1F-2 280 ................ 3000 8800
1.0 0.948 1F-3 280 ................ 3000 8800
1.0 ' 0.048 IF-25 RT ................ 3000 9600

1.0 [ 0.048 1F-21 -- 420 ................ 3000 *3988
I. 0 O. 048 1F-20 -- 420 ................ 3000 "4738
2.0 0.038 2F-1 280 ........ 2750 700 3940
2.0 0.038 2F-2 280 ........ 2750 700 3970

2. t I 0.038 2F-3 280 ........ 2750 700 3960
2.0 [ 0.038 2F-25 RT ........ 2750 700 4650
2.0 I 0.038 2F-13 -- 420 2750 1100 "3100

I ........

2.0 0.038 2F-14 -- 420 ........ 2750 1100 *4925
2.0 0.038 2F-15 --420 ........ 2750 1100 "4150
3.0 0.080 3F-1 280 1800 2750 700 3250

3.0 I 0.080 3F-2 280 1700 2750 700 3250
3.0 0. 080 3F-3 280 1750 2750 700 3280

i 3.0 0.080 3F-14 -420 ........ 2750 1100 "4150
3.0 0.080 3F-15 --420 ........ 2750 1100 *3800
3. 0.080 3F-13 -420 ......... 2750 1100 3900
3. 0.080 3F-9 -- 420 ........ 2750 1100 *4280
3.0 ! 0.080 3F-7 -- 420 ........ 2750 1100 *4450
3.0 0.080 3F-8 - 420 ........ 2750 1100 *4500
8.0 0.038 8F-1 280 280 185 132 680
8 0.038 8F-2 280 350 185 132 690
8.0 O.038 8F-3 280 308 185 132 705
8.0 0.038 8F-13 -420 ........ 185 132 1838
8.0 0.038 8F-14 **-363 ........ 185 132 1940
8.0 0.038 8F-15 **-400 ........ 185 132 1750
8.0 0.038 8F-20 **--375 ........ 185 132 1874
8.0 0.038 8F-21 **--420 ........ 185 132 _1738

*Maximum pressure, no actual failure.
**Variation in cryogenic test temperatures resulted from test facility functions beyond control.
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The test was performed at 280 ° F with MIL- tsminste th3 tubing beyond the acceptable

H-5600 hydraulic oil as the test-fluid. This limits permitted for fox sy.stems. Welding in-
te_ was discontinued becs_se of the inability creased the particle count but did ngt exceed

to establ_ parameters until a more firm design the maximum allowable per MSFC--Spec_464.

on the type and location of mounting brackets

was compl_ed, mOOUOlON PS_E
Mat_al,

a,_,_ r_.g_ T_h Though other materials were tested experi-

No leakage or deformation was observed dur.- mentally, only the type 304I, stainless tubing

ing or after completion of impulse test cycling, was used in production. However, some re-

Table VI shows the munber of impulse cycles, search is continuing on aluminum tubing.

working pressures, impulse pressures, and test Aluminum alloys are much more difficult to

temperature. All proof-impulse t_ted tube weld than either stainless or titanium.

Joint specimens were subsequently helium-leak

tested, and none exceeded the required maxi- After proving the feasibility of welding tub-

mum of 1 × 10 4 Std cc He. ing in a range of wail thi,:_.Tlesses and diameterssec
- experimentally, produetmn welding equipment

.LOX CI_3tI_ING had to be developed. Figure 19 shows the power

Figure 18 shows the test setup used to deter- supply and controls developed for production

mine if welding after lox cleaning would con- by Nsvan Products, Inc. Figure 20 shows the

TaaL_ VI.--Internal Impulse-Pressure Fatigue Test Data, TIG-Weld Joint, 30$L Tube

Tube (o.d.), Test t_mp., Working Impulse Number
in. Tall, in. Number o F pressure, pressure, cycles

psig psig

1.0 0.048 IF-10 280 3000 4500 1000
1.0 6.048 1F-11 280 3000 4500 1000
1.0 0.048 1F-12 280 3000 4500 1000
1.0 0.048 1F-17 -- 420 3000 1000

2.0 0.039 2F-10 280 700 1050 1600
2.0 0.039 : 2F-11 280 700 1050 1000
2.0 0.039 i 2F-12 280 700 1050 1000
2.0 0.039 ] 2F-18 *-- 405 1100 1050 1000

i

3.0 0.080 3F-10 280 1100 1650 1000
3.0 0.080 3F-11 280 1100 1650 1000
3.0 0.080 3F-12 280 1100 1650 1000
3.0 0.080 3F-17 *-- 405 1100 1650 1000
3.0 0.080 3F-18 -- 420 1100 1680 1000

8.0 0.037 : 8F--10 280 132 200 1000
8.0 0.037 8F-11 280 132 200 1000
8,0 0.037 8F- 12 280 132 200 1000
8.0 0.037 8F-16 --420 132 1000
8.0 0.037 8F--17 -- 420 132 140 1000
8.0 0.037 8F-18 --420 132 115 1000
8.0 0.037 8F-I 9 -- 420 132 124 1000

*Variation in cryogenic test temperatures resulted from test facility functions beyond control.

)
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TeslNo. Ik_t Pressure Failure '
(?sig) Locoficbn -

4

I II,200 F_mra ._tol

2 II,200 Ib.N_ Born I _

3 11,200 Parent/_tol , ./

4 10,800 B-_ Flora

g '

,..---_;-_= _ --q _. ,:.. _ . -,, ',....
• ;

[. , t - ,

_.2/_:._.:-----./--:._ o.-L,/.- ---_' FIGURE 17.--F[_re-fatigue lest setul;.

Fmur, z 15.--1 in. o.d. by 0D1_9 in wail sleeve-
type burst tests aS room temperature.

£allwe

"rest No. Ftu (Ksl) FJong % 2 in. Location

1 85.5 44.5 lime metal _

2 83.5 41.0 Base metal - _
I, _

3 84.7 4_.5 kne metol ?
t

4 &5.9 47.._ Base metal . "
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r

__t_..._-<_ ,:_ FIQUR_ 21.--Heliulrt-pressurization system.

,_-_-_.%,._.. welding head, which has approximately the
|___---_-.llO_,__v_"--_,,-" same basic design as the experimental model,l'_, "'--- -- _v_._llr--L_'_.. ,_"

_ '_.'4_:"- _ except that the production head is built more
• " " ruggedly. The head was developed by the Los

._. AngelesDivisionofNAA forNavan.

I_ODUCTION WEI,OED ASSEMELY

Figure 21 shows a production assembly
"_" - helium-pressurization syste,n for the Apollo-.

-----__ _ service module. Some joints were induction

brazed an d others welded using the sleeve-type
joint. Originally, all joints were to be brazed;

, however, in production it was found that the
•, close tolerances required for brazing could not

be held on the larger diameter tubing. Thus,

Fmmm 19._Nav(_n welding power supply, a decision was made to weld all lines 1.00-in.
diameter and greater. Using the sleeve-type
joint instead of the flanged type made an easy

transition from brazing to weldi_ _. Figure 22
shows the Saturn Stage-II gaseous helium and

s_ nitrogen fuel pressurization lines. Both single-
; " and double-flanged joints were used on this

assembly.

_ .

F_ulzz 20.--Orblt arc auto_,_t_e welding head Fmum_ 2'2.--_atu_n Stage-ll gaseous nitrogen
_ develope_d by Navan Produvts, Inc. and he_ fuel pres_trlzatlvn li_vs.

t
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" Figure 23 shows the tremendous weight sav-
ings of the flanged welded joint as compared
with the mechanical fitting. The welded joint
is also more reliable than the mechanical fitting,
which will leak when subjected to thermal and

MECHANICAL JOINT vibration cycling for extended periods of time.

APPROX WT (! INCH DIA) CONCLUSIONS
.96 LBS

1. The double-flanged joint is superior to
other types of welded tube joints.

2. Successful automatic miniaturized TIG-
welding equipment has been developed for
making reliable in-place welded joints in
tubing systems.

3. Radiographic inspection of in-place TIG-
DETA IL OF welded tube joints revealed excellent we]d

quality.
Fi..ANGEf 4. Helium-leak detector tests revealed no ad-

/ verse leakage rate in the weld joints.

5. Uniaxial tensile, burst_ flexure-fatigue, and
impulse-fatigue test_ of TIG-welded tube
joints tested at room temperature, at 980°

__mL_ F, and at -423 ° F met the engineering
design requirements.

&Welding of tube joints was performed
satisfactorily after lox cleaning without

FLANGED FUSION WELD exceeding the maximum permissible par-
JOINT ADDED WT NIL title count.

7. Welded tube joints are lighter in weight
l_oumz 23.--Jo_t welght comya_son, 30]_L and more leak proof than tube joints made

sta_dess, using mechanical fittings.
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6. Some Unique Applications of Intense Magnetic Fields

R. J. SCHWINGHAMER

George C. Marshall Space Flight Centers N 4_ _ "=

A brief history of our knowledge of ot'dinary magnetism and electi'ciJ_:t_;'.@ :_'n!i_, g_,'en,
from the time of the Roman poet, Lucretius Carus, to the present. P:a___': ,i#p.,_._mplts of
magnetic field strength associated with objects familiar to all are diseu_sei_'ai_d ,a frame
of reference regarding magnetic field strength is thereby established.' The _lrliest kv own
investigators of intense transien_ magnetic field manipulation of solid co,i_-i¢(ir _aterials
are mentioned, and the phenomena de_ribed_ Systems, apparatus, and ;,_sie theory of
operation are detailed. The importance of adequate diagnostics is disc,J_sed, and s .... _.
techniques employed are illustrated. The "magnetic sawinG" phen.!_,.non is de_cr_,, _,
and implication._ explained. Typical applications are shown, including swa/_ing, sizing,
sealing,-clamping, forming, and other tmique neoterisms. A particularly successful appli-
cation, the magnetomotive sizer, is described in detail, and beneficial application in the
Saturn V program is described. Potential industrial applications are prognosticated, and

-' ,' developmental trends are indicated. • ,i:,
(l,

"I have seen those Samothracian iron rings knowledge of magnetism at that time. The
leap up, and iron filings in the brazen bowls English unit of magnetomotive force w,_s

seethe furiously when underneath was the meg- named for this same William Gilbert.
net stone." So spoke the famous Roman poet After this, Isaac Newton and Robert Boyle
Lucretius Carus (98-55 B.C.) in his epic poem held sway with their laws of gravitation and
o'_ the nature of things, De Return Nature. In gases, and little more. was developed in the field
general, it. appears that this interesting phe- of magnetism until about 18_0 when ttans
nomenon, magnetism, has been knowr, to man- Christian Oersted discovered electromag-
kind for several thous,-nd years. Even netism--the fact that electric currents can also
centuries before the Christian era, the Grteks produce a magnetic field. From teen to the
knew that the mineral lodestone (a magnetic preseLt, the field is studded with illustrmus
oxide of iron) had the ability- to attract, iron names such as Ampere, Faraday, Henry, _{ax-

and other pieces of the same miner_.', Thales well, and, more recently, Kapitsa_ Tesb b Hei-
of Miletus mentioned this in the sixth century senberg, and Bohr. The quantum theory we
B.C., as dM Socrates somewhat later. The hear so much about today in connection ";'

,-nagnetic compass da_es back r.o about 1090 lmclear work and lasers has also provided c,)n-

A.D., when the Moslems are said to have guided siderable impetus in the magnetic field area
tlmir _hips in this manner in plying their trade and, indeed, has even prompted many o; the
between Canton and Sumatra. th)wever, the ne_ developments in high magnetic field lech-
first detailed des:'ription of the compass __san niques. Magnetic fields can be created todcy
instrument of navigation _as provided in 1969 wh;ch cause even the hardest steel to flow like
by Petrus Peregrinus de Maricourt, a French water and sometimes to explo&_ like a bomb.

Crusader. In 1600 William Gilbert, court phy- To depart, solnew]lat from the historical as-
sician to Queen Elizabeth, published his "De peer, and to give a few practical facts, the fiehl
Magnete," which summarized the available of an ordinary garden-variety bar magnet

55
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amount._ to 2 or 3 thousan d gauss. On the other notie fields, they could pitsh tough metal around
ha_d, the Earth's magnetic field is something as if ii. were merely soft plastic. They discov-
less than a single gauss. (The gauss is the umt ered this during their sttempts to create high
of magn.etic field strength, and is named for magnetic fields for tile purpose of detennining
ti.e great German mathematician Karl Fried- the charge and momentur_; of particles by their
rien Gans_) For comparison purposes, an deflection in a high n-.agnetic field region. "i_ne
electromagnet using a core of metal to amplify practical results of their work and the work
the field generated by the electric torrent in tile of several others, such as Colgate, a grouF at
coil can reach perhaps 60 000 gauss, at the very General Atomic.s, and the work at Marshall
most. Sui_erconducting coils have recently at- Space Flight Center (MSFC), have certainly
tained field strengths in excess of 100 q00 gauss, been utilitarian, and an entirely new tooling
But, to go much higher, one must eliminate the concept has been developed.
core and produce the magnetic field in air or
in a vacuum. _c_v.c mmm¢ TVmNmO_

While the htlportance of magnetic fields is Let us consider how solid conductors can be
obvious in such mundane devices as electric me- manipulated o, formed electromagnetically

tots, relays, and the lJ_e. a pair of plasma phys- with a pulse power system. A magnetomotive
icL_ Furth and Waniek, discovered a newer pulse power system, the type of D-stem required
apd less obvious magnetic field phenomena at to generate high intensity pulsed fields, is
the Harvard Cyclotron Laboratory in 1955. shown in figure 1. Static magnetic fields are
They found that with sufficiently high mag- not effective in forming metals while pulsed or

_TRIGGER _-HAMMER
SUPPLY COIL

Fxo_.qx_1.--Magnetomoti_e Imlaepower system.
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._'CROWDING" OF MAGNETIC
/_ FLUX LINF_ CREATES

// MAGNETICPRESSURE _a
MAGNETICCOIL_ [ [

CON(XICTOR \ I I /--WOflgPIECE CONDUCTOR

_n_. eeeuLsm. FIovxE 4.--Gharacte_stiv vurrent dischargetrace.

FxovR_ 2.--Magnetomotive coil and warkFiece :
(a) inJivates current flow into plan_, of ¢llus- the coil and the workpiece. If the coil is physi-
tration; (b) indivate_ current flaw out of cally of inertially stronger than the workpiece,
plane of _ustratiwn_ the workpiece yields _ud is formed. The per-

tinent magnetomotive energy rela.'.nships as-

transient fields are. Figure 2, magnetomotive sociated with t_hisoperation are shown in figure
coil and workpiece_ shows why. This figure is 3, where w_ s_e that the stored energy in the
a pictorial representation of what takes place capacitors is converted to majgnetic field energy
when a heavy transient current pulse is dis- in the coil, which, in turn, creates magnetic
charged through a coil, with an electrically pressure proportional to the field strength
conductive workpiece inside. The coil current squared over the volume _.
creates a magnetic field, causing an eddy cur- Figure 4 shows the fluctuat_3n of the current
rent to flow in the workpiece in proximity to and magnetic field. This damped oscillatory
the coil. The eddy current then provides an tyl_ curr_nt discharge is frequently used in
induced field which interacts with the primary magnetomotive forming coils. This rate can be
coil to create high magnetic pressure between recognized as a typical result in an IL-L-C cir-

cuit operating in the damped oscill-_tory mode.
The application of this theory can be seen in

_ figure 5, which shows the precisio'_ forming ofz'-_--:-Z-'-_, stiffenirg convolutes in a thin-walled alumi-
""-"\ num cylinder, a strictly experim(mtal structur-

"_ _'_- .....-'_"_-'- __-"_"-':. al development which was at one time
considered for application on tlm Saturil V lox

tunnels. Althongh this idea was not adopted
the converse technique is now being applied.
That is, we are sizing oversizecl tunnels down
to the proper diameter by a coil on the outside.

., .%_.._..__ The arrangement is shown in figure 6. The
_ tunnel, wl,ich is 25 inches in diameter with a

wall thickness of 0.224 inch, can be seen tc_ the
i Fm_ 3.--Magnetontotlve energy relation- left, while the magnetomotive coil and the siz-

! ships. Stored energy: ing mandrel can be seen at (:enter and to the
i ½CV2-_ LI2-_,fH 2 dv right.

A
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w ,.

FIoun 7.--gtm_o_s sted tube b_.

u • i ._ _" ". clamp materials tightly together by _waging a
- _j_ _--_;'il.;;__'_-_-_! ___ _---- ,netal sleeve on a spedally designed bolt. Iris,

_ "_ for the most part, a torqaeless_ moment'ess op-
g'¢"_ " " -_ __' _ eration, but although promising, is not eom-

_._ _ _ _-_ pletely perfected asyet_Apparatusused in experim___,_ on magneto-
_. _ , -_ ___ motive forming fasteners is shown in figure 9.

_ """ _I__._ The process has beeal termed Magnelok. Ade-
quate diagnostics apparatus is essential in de-

FmuaE 5.--Pro oon_ol-_te form/n9 ,_/ng veloping new system_ Another promising new
crane, magnetic field tool is shown in fig'ire 10. One

oi the _iraetive applie_ions of this remark-
The components ,reed for stainless steel tube able new tooling concept involves the forming

bulging experiments presently underway are of flared outlets with a single impulse. Because
shown in figure 7. The spedal ceil design can the impulse is so rapid, grain rates of thousands
be se_n at the left. The entire assembly is in- of inches per inch are generated, and these flares

serted in the tube at the right. Seating of can be made with the material in the hardened
stainless steel tubes into titanium by n.._gnetic condition. The assembly clamps together as a
pressure is also be investigated, sandwich, with the material to be formed be-

Figure 8 shows a group of mechanical fas- tween coil and die, as seen on the left.
teners which utilize the power inherent in an

III ml

_.,_. - _ ,_ //

_ me e _ r

Fxov'_ 6.--Magnetk. sizing 8aturn V 8-10 loz Fmtr_ 8.--Maxjnetomoti_e fasteners and con-

_t_nnel. cept.
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Figure 11 shows a pair of typical 3-inch- thicknesses of interest. This tee.hnique could
diameter flares formed with a single magne- conceivalde eliminate much distortion, heat
tomotive impulse or shot. An exhaustive series treatment, welding, azid similar operations.
of tests has been run to determine proper Figure 12 shows a 21-inch magnetomotively
operating parameters for certain material formed flare resting in the die. One pulse, or

11 _ / shot, ,,-as used to form the flare. The. very large
, .. .: ,_oil can be seen above the workpiece. More

• " _- than 100 000 joules are required to form such
I , "_

1..,- _i" a part.
A T-flare coil, workpiece, and die are shown

in figure 13. By placing the coil inside the
_.r ,
\

-
..... -__. '_ ," :,

Fmv_ 9.--Magnelol¢ coil e_periments, t- _=., "'%'. \ --: ' ."

, _ ,_ '':
• I_, J4 " '

="77 Fxoums 12.--_l-inch flare magaetomotivelv
_' " ':. fo'r_,l.

,'" , . "-_"

FmwE lO.--One-shat mazgnetomotive flaring. " .
/

r L .

FIOURE lt.--Magnetomotively fomaed 3-inch

diameter flare. FmURE 13.--T-flare coil, workpiece, afad die.
_'_95--453 0--66-----5
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workpiece, tile central pilot hole expands out- experiments of a few years ago which were con-
ward into the die, creating a T-flared section as cerned with weld-bead sizing on an advan_,d
shown "n figure 14. An early prototype of a T- vehicle experimental tank segment. Figure 17
flared opening formed into a thin-walled cylin- illustrates a more sophisticated version, the
der which was done with a single maguetomo- pneuma£ie_lly clamped improved magnetomo-
tire pulse is shown in this figure, tive hammer. This device was designed to pro-

Figure 15 shows some typical equipment used duce intense pulses of fol_e sufficient to size or
in magnetomotive-h, rming diagnostics tech-
niques. In developing this unique new family

of tools, diagnostics techniques of quite sophis- ___ ._!ticated refinement are required. The illust.ra- , ...... ,_
tion shows some typical measurements in prog- _N___,,_-:_w__ ..... . _.. _-
ress. By sin.ilar techniques,.metal velocities of ........... _,-.-_"'-
300 to 1000 ft/sec have been measured during : : =_ ,"
forming, and strain rates in the runge of .... _-' _ _, ,,
thousands of inches per inch per second have 0
been attained. F

MAGNETOMOTIVE HAMMERS .... _ _ _ l

One of the industrially attractive develop- " " "_'_&"_(' _ "_'_"_ "" '
ments in the forming area has been the mag- -_,

netomotive hammer. Figure 16 shows theearly._,."_:_,_---_:_._-_:':_::-_:_" _ . _'____":_" - _ /_ _
,_-. .-= ........ ,_ _- . ---

_, _._ _ _ Fmu_z 15._Typ/ca/ _gn#amotive fo,rming
• ,, .,-: _.'_,"':w_ d_cfnostivs and apparatus development.

f

• ,o .

FmuP._ 14.--E_perimental T-_are, mag_etomo- Ftoun_ 16._Early magnetomo_ive hammer
tively formed, e_per_ment.
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held magnetomotive hammer proved to solve

the problem. The 18 kilojoule pulse power unit
is shown on the left, and tae hammer unit held

in position for precision-controlled distortion
removal is shown on the right.

The hand-held hammer, shown closeup in
figure 19, has the attractive feature of re,on-
ably equitable fluidlike pressure distribution
through the thickness of the material, while de-
livering the impulse. Strictly speaking, it is

quite unlike a hammer in almost every respect,
including the metallurgical aspects. In addi-
tion, no surface marring of the material results
when the device is used. A sheet of Mylar is

FlomU_ 17.--Pneumatically clamped improved used under the coil proper to provide additional
magnetomotlve hammer, voltage breakdown protection.

An estimate of the effectiveness of the process
can be seen in figures 20 and 21. Figure 20

stretch weld beads of one-half inch to three- shows an apparent hump in the gore segment
quarter inch over the hammer face area. This before magnetomotive sizing. The hump is ac-
illustration shows the device in position on a

typical Saturn V skin. The small vertical cylin-

ders at eitlmr end provide the pneumatic clamp- fl
ing force., while the coil proper occupies the cen-
tral location.

Figure 18 shows a hand-held ha_nmer remov- _ ,_
ing distortion from a saturn bulkhead _gment. _ '
This is a practical example of the magneto- .

motive hammer's usefulness. Saturn first-stage _tt
bulkheads are fabricated by welding huge or- _ .
ange-peel-like sections (gores) together to form -

a complete bulkhead or tank end. Very heavy _,
fittingsare welded into thinner material in the
process, and considerable material distortion

can result. A unique, specially designed, hand-
v*

."--"£"W'T: '

-_-_._ , _, .._-

FIo_ l$.--Hand-he/d han?xn_r. Fmua_ 19.--_loseup of hand-held han_mer.
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Figure '22shows a completed Saturn bulkhead
• , in which the magnetomotive hammer has been

J

used to eliminate the distortinn which occasion-

-= •" ' - _' ally occurs around the meridian welds approach-

;_= _ .._ ing the apex of the dome. Figure 23 shows how
;J: "- this distortion is removed. An early prototype
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pulse power unit can be seen in the foreground, -- I
while the hammer unit is at top center, being
used in the overhead position by the operutor. ... _ ' •:
Here again, precision-controlled sizing was ac-

complished without the need of any backup dim. ., ._
The ease with which electric charge a-ld power y

can be controlled facilitates precision sizing.
Figure 24 sbows some of the family of mag- _ -- -'-" "

netic field tools under development at MSFC. _. :-.._/A variety of applications is being studied, in- .-___/
cluding Frecision sizing, stress relieving, coin- • -
ing, blanking, fastening, constricting, bul_ng, -_
powder compaction, and other magnetic field

manipulations of solid e!cch-ically conductive FIo_ 24.--Portion of _r_agnetip field tools
materials, under development at MSFC.
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7. Sculpturing,, Forming, and Spinning of Large
Components for Lam:ch Vehicles

ETRIC L. STONF_

Man]octuring Development, launch Systems Branch,

The Boeing Company

At the beginning of the S-IC booster tvntraet, it was evident that certain manufac'_c-

ing techniques would have to be developed before the proposed design could be put into fh?
production. Much of the development activity that has been accomplished was initiated
because the size of booster components was greater that. the (.apacities of available equip-
ment. This paper describes some of the more significant methods that h;tve evolved from
this development activity, and whith demonstrate ;.tow the capability to nmnufaeture S-IC
components such as bulkhead gore segments, tanl{ skins, Y-rings, and lox _unnels. has been
acquired.

The fabrication methods used to transform 2219 aluminum alloy plate into the large,
sculptured, and contoured parLu that make up the structural surfaces of the booster include
hydrauli(, bulge forming, age forming, and adaptations of conventional skin milling and
(,heroical milling processes. The importance of fixturing and the machining sequence
related to fabrication of the Y-ring are pointed out. The shear-spinning process that is
used to produce a seamless, one-piece lox tunnel 40 fect long from a cylindmcal blank only
62 inches long is described.

The presentation is toncluded with a synopsis of tim current design changes that are
being implemented to improve strength-to-we;;,ht ratios. A 1)rief statement of possible
future activity is included.

On May 25, 196], President John F. Kennedy The first and largest stage of dm Saturn V
said, "... this nation should commit itself to launch vehicle is the Saturn S--IC booster. A

achieving the goal, before this decade is out; of cutaway model of the S-IC booster is shown in
lai;ding a lnan on the moon and returning him figure 1. I'roper l)ersl)e('tive is gained by corn-

safely to earth." In effect, this statement was paring the relative size of the booster with that
the go ahead to science and industry for de- of man. The first stage consists of two cylimiri-
velol)ing' the capabilities of moving men and cal propellant containers, a fuel tank, and a lox
equipment into hmar orbit, for making moon tank, connected in tandem by an it_tertank

landings, and h)r conducting deep space probes, structure .tsseml)ly, a thrust structure assembly
As a consequence, there has evoh'ed a spacecraft- to u ithstan(t and dis( ribute engine thrust loads,
booster combination of such size, weight, and and a forward skirt assembly to provide the
complexit_ as to eimllenge the natiov's interface connection 1)etween the first and sec-
manufacturing capability. Our answer to this ond stages.
challenge to manufacturing teclLnology is The gigantic size of the booster witl; its
represented by the three-stage St_turn V la:,nch necessary strength-to-weight ratio has created

vehicle which will propel the manned Apollo the COml)lexity of its parts. However, in spite
spacecraft to the moon. of its size, the S-IC booster is being' constructed

65
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_ methods, or a combination of the Cwo fcr form-

_ _"_ _! , ing, machining, e,leaIdng, arm protective coat-
2_."_., _ . ing of large structural compon,mts. For_!_..._ .- _', _ "_ example: at Michoud Operations in New

_i_ _ J" Orleans, Louisiana, the new is contrasted with
i the old, not only by manufacturing techniques,

:/;_ _ _ but also by equipment. C! :ps fly from a huge
W " • _ aluminum alloy ring being machined in an en-

. :- ._ __ vironmentally controlled room on a 1914 vin-

" _ ' tage vertical boring mill whose 27-foot table
-:" ° has been extended to increase the turning capa-

'_ _ _' bility to 42 feet. Less than 200 feet away,
: completed components and assemblies are thor-

_/"! '| oughly cleaned, rinsed, and protectively coated

. _ _. _ _ in the world's largest automatic dishwasher, a
.--: 4 { .. 40-foot square, ultramodern facility which

! 'j_ _ cleans parts tc hospital standards.
•_ The technology gained thus far on the S-IC

"7'_ _ _. program by the Marshall Space Flight Center
:: = _ - ../ _ - "_ and The Boeing Company with its many sub-

"_ "_:': _i-"_ • . _ contractors _s being demonstrated in the suc-

" _ I " eessi'fl manufacture of stage fuel and lox con-• "" _<' :" " "_'_ " -_ )ai2,:.r_. Sin_ the S-IC is a man-rated booster,' • %' =H

_" f :_ • (" _,'::. '" precision weight control an0. reliability are

,_ -.' paramomlt. "l_e structural design require-_ ' _" " ments of the con_._ne.rs are stringent and call

for _aaterials such _ _h_._2219 aluminum al]oy

Fm_,rm_1.--(Yut_way model el :_-/C, booster, devAoped by Alcoa _(rom the time of its
earliest introduction _;_',. e aerospace industry

with the precision of a fine watch. 33-foot in 1957, th_ character,s; ,, _ of the 2219 alumi-
num alloy, together wi'_" _ts adaptability and

diameter will no*. vary more than 0-030 inch limit_,tions relat-::t to :',,.nufao, turing process-from nominal diameter.

This report presents four principal a_s of ing, have beer_ uet_,. _,,,_,_d and utilized. The
knowledge gained _ ,,_w being _xtended for

manufacturing which required major a_elop- space applicatic: 7'_ocesses such a_ age form-
ment effort to meet the ever-increasing deman_ts h_g and l,yd_ __( i. _)ulge _orming, uAng 2219

of the space industry. It also imroduces sonm aluminum ali,_:_ '}_eet and. plate in the largest
additional developme__t efforts which will obtainable dim;nsions, were developed for this
further advance manufacturing technology for program, l:_st_,blished processes such as ma-
the future, chining, shear spinning, chemical milling, clean-

MANUFACTURINGTECHNOLOGYDEVELOPMENTS ing, and protective coatings were adapted to
the unusual demands created by the configura-

The manufacture of an enormous product tion and usage environment of the various
such as the S--IC has led to the development components.of new and mmsual methods of fabrication as

well as extending and refining of the more con- SCULPTURINGANDHYDRAULICBULGEFORMING
ventional, established methods. Throughout OFaUUCHE_OGOU SEGMUNT$

the numerous fabrication facilities required by The fuel and lox tanks are cylindr'i.cal vessels
the _-IC program will be found newly estab- with ellipsoidal bulkheads for en¢l closures.
lished methods, the older more conventional The bulkheads consist of eight pie-shaped gores,
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each of which is made up of an apex segment bulge forming research program carried out
and a ba_e segment (see fig. 2). Each seg- by The :_oeing Company at its Seattle_ Wasb-
ment is _,:,de from one piece of material meas- ington, facility.
ur!ng _pproximately 12 ft by 12 ft with thick- The principle that a confined fluid will trans-
nesses uF to 1 in. Smaller and thinner gore m_t a tmiform _. "ssure over a surface has been
segments are commonly stretch formed, but the well k-town an,, widely used in metal formi,_g.
hmitation on existi_lg stretch-press sizes and The application of this principle requires the
tonnages preclude stretch forming of the large use of complex hydraulic presses, and since gore
compound-contoured gore Segln_nts for the segments a_ larger than existing press capaci-
S-IC. The fabrication1 of the S-IC gort seg- ties, their size has ruled out the use of a hydrau-
ments is further restricted by design require- lic press for forming. The idea of using the
ments. The central portion of each segment die halves to restrain the part blank with a
is relatively thin for weight control; the periph- peripheral seal to withstand the fluid pressure
eral edges are thicker to provide proportional was cor,,,eived .and has proved to be a practical
streugth in the weld areas requi:ed for bulk- solution in forming large, complex-contoured
head assembly, gore segments. The hydraulic fluid, in this

Conventional methods such as stretch-press ca_e water, is analogous to the punch used on a

forming, have not proved to be reliable for hydraulic press and forces the part to take the
forming parts of nonu,_iform cross section be- shape of the die cavity.
cause of excessive thin-out of material in the Forming pressures will vary according to the

presculptured or membrai_e areas; therefore, thickness of the part. Pressure from 400 to
the hydrau}ic bulge forming process was 600 psi io used to form the thim,.est parts; that

developed, is, tht, oe having sections as thin as 0.10 in.

The concept of using hydraulic bulge form- Other parts as thick as 0,835-in. will require
ing for the S-IC gore segments was a result o i pressures up to 1100 psi. Clamping pressure

a team effort between development enginee_rs is adjusted to provide a predetermined amt,un_

of the Manufacturing Engineering Laborato_ of slippage based on forming tables developed
of MSFC _nd development engineers of The by tests.

Boeing Comp',my in Huntsville, Alabama, early Design of the full-scale hydraulic, bul£s form
tooling was done by The Boeing Company

in 1962. The feasibility of the process was at Huntsville, Alabama, and New Orleans,
proved oa a on,_-_fth _ale presculptured and Louieiana.

F_brication of the tooling and final imp'_-
mentation of the process was acct ,p_shed at

, _ The Boeing Company Wichita facility. To

_ _,._.,.=__:1_ date, nearly 900 gore _gments have been suc-
. " c_ssfully fo:_ned using ,_heprocess.

, '" "' The bulge form process has varied utilization

• r '; ar-d p,pplieation. Not only is it feasible to pre-
_; sculptur_ the part in the fiat by machine milling

_. ' ,( ' ' prior to forming, but is also possible to bulge-

,-,i+._|l . fox_ a parr having cons*_ut thickness and _hen

i_:I:_ _ _. s_ulpture i_ tr, the varying mickness require-
ments by chemical milling. At the present time_

1_ , are presculp_ured in the flat by numerically
controlled skin mills pr_.or to forming; the bal-

" ance am sculptured by chemical milling after

Fmum_ 2.--Low_ /ue,1 tank buU_hec_das_rr_b_,y, constant-thickness forming.
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"/'he ultimate goai is to do oil machine milling _. ,-_i.. _" i__.j_J[_ ]1_ ,_

in the fiat prior to hydraulic buige forming. -,,__,_ _._,_ .This method is more economical and will be _-1 ""
possible as more skin-mill capacity becomes ,
available. See fi_ires 3 through 8. _ --":'

SCULPI'U|ING AND AGE FORMING OF CYLINDIIICAL __' \. _ , . _ .,.i,,---_'-".....CONI'AINER SKINS <_._', ', -

: Age forndng of 2219 aluminum alloy skills
is a p_xf:._^ssdeveloped by The Boeing Company

at its Wichita, Kansas, facility after many _ t" _l
attempts to form skin panels using conventionl ._

methods proved unsuitable. Forming by press ,-_:
brake, forming rolls, and even creep forming, _.- _
an early forming method using thermal 011- l," .:

._ giot-aE o._culp, ured BB19 aluminum, alloy
gore ba_'e after formin 9.

- ji , . !
• f ..

i

Fmvaz 3.--8eulptured t_1319 aluminum allo 9 , . .
gore base prior to forming. Fior:av. 6.--7 hwkne_ measurements bern 9 talcen

on oomIptured gg19 alum inun_ alloy gore apea'
,- prior to /orrain;.

ii_ , _dpk-'

-_l _fi ' "rr'-' -

t _. ,._ <<+"_ %

¢ i

Inll_ll_/ . i_mli:,,,, .......

FIorrav. 4.--Pl_i.n 9 upper die hall prior to Fiovn_ 7.--Go.re apex hydraulic bulge/orming
/orraing a 9ore bas_. too_ in operation.
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_lt "

_S._-__:_- .....,__o .... _
Fmt'r._ 8.--91519aluminum, alloy qore ape_ after - .... "-' .}.[_ _ _ ,v ., - _.

forming. : - : _'- A---.-:_-_- _'-Lr_

vironments, was tried. Nothing compared with •

the relatively inexpensive operation of ,_ing FIo_rav.9.--Thieknessmeasurementsbeing taken
,_nd fornfing parts simultaneously, on m.illed 91519aluminum alloy cylindrical

The fabrication of large complex skin panels sk/n panel.
which form the walls of the Saturn S-IC cylin-
drical propellant tanks is done by skin mill
sculpturing in the flat followed by age forming thrust structure, intertank structure, and for-
to the single-radius contour. Using a numeri- ward skirt structure to the tanks. The Boeing
call), controlled skin mill, each skin panel is Company, with design and fabrication method
sculptured from -21/_-m.thick :2219-T37 alu- concurrence of MSFC, developed this transition
minum alloy plate to produce an 11 by 26-ft. section whose cross-section is shaped like the
panel having integral stiffening ribs and sculp- letter Y. "[nis Y-ring eliminates lap joints and
tured lightening pockets. The machined parts l)rovides a pressure vessel of high structural
are then clamped to a fixture having a pre- integr;_-.
determined radius of 148 in. (75 percent of the
desired final raxlius) and then heated in a ...:,- ::.... = .........2,,._.... ,
furnace to the aging temperature of 325° F. for _._', . i_
a period of 24 hours. While the part is held at ""= ' -_:_ B
temperature, the material, through thermal re-
laxation, takes a permanent set to contour, is
age hardened to the T87 condition, and reaches
its maximum strength capability. Upon re-
moval from the fixture, the age-formed skin

panel springs back to the desired 198-in. radius.

Development effort currently is being directed _ t,toward expanding the potential of age forming _ * ,i
to include large, compound-contoured parts _ '-
(having more than one radius of curvature) in

the range of 5 to 400-in. radii (see figs. 9 and , /'t|
10). try.. _ ....... ]

MACHINING OF CONTAINER BUU(HEAD-I'O-SKIN .'_ _ _TRANSITION SECTIONS (Y-RINGSI -,

In the construction of both the fuel tank and
the Rextank, it is necessary to join the tank ends FmvR_ lO.--Removing age-formed 15]$19alu-
or bulkheads to the cylindrical skin section as minum alloy cylindrical akin from age-form-
well as to provide a metros for connecting the ing fixture.
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The fabrication of this rir_ involves r_dling ameter. Following X-ray inspection of tb.e
and machining of the largest a|uminum alloy weld areas, the inside diameter is machined to
billets ever produced on a commercial basis, the finished dimension. The completed ring is
Flat billets weighing approximately 7000 subjected to final inspection, removed from the
pounds and measuring 51/_-in. thick, 27 in. wide, turning fixture, and cleaned. See 6_o_res 11 and

and 36 ft in length are obtained from the alu- 12. The ring is then prepared fo joining to
minum supplier. The billets al_ roll formed the tank bulkhead assembly.
and edge prepared for welding by Ingalls Ship
Building Corporation, Pascagoula, Mississippi. SHEARSMNmN6OFrex SUCTtONtm_ reNNEtS
Three of these segments are welded into a ring Liquid oxygen is transmitted from the lo__

slightly larger than 33 ft in diarnet_-r and then container through the fuel tank to each of the
machined to the Y-configuration. Apprexi- five agen,.ies of the SIC by means of lox suc-
mately 14 500 pounds of material are removed tion lines. These are straight tubular assembl_
during machining, leaving a finished Y-ring consisting of two tubes, each approximately 40
which weighs about 3500 pounds, ft long and assembled one inside the other. The

Joining the three ring segments by metal- inside tube, or lox suction line, is made of 321
inert-gas welding is accomplishe_t at Michoud stainless steel. It has an inside diameter of 20
Operations by positioning the parts in a weld in. with an 0.085-in. wall thickness. The lox
fixture a,d applying weld-filler metal alter- tunnel, which encases the stainless steel suction

nately to each side of each of the three joints, line, is a one-piece seamless tube formed from
By control of the amount of weld metal dopes- 2219 aluminum alloy to an inqide diameter of
ited and time phasing of each weld pass, the 25 in. with a 0.098-in. wM1 thickness for about
ring is maintain£al to a roundness of 0.250 in. 90 percent of its length, increasing to 0.224-in.
Stress relieving of the weld joints is done by thickness for the remainder. F_acb of these

induction heating and requires heating each tubes is produced by the Parsons Corporation,

weld joint to 650° F for 15 minutes and air cool- Traverse City, Michigan.

ing to ambient temperature. Temperature In 1961, the Parsons Corporation established

gradients are measured and controlled at 24 this spinning capability and began the develop-

points on the ring billet to prevent material ment work to produce long, seamless, close-

property degradation, tolerance tubing for the aerospace industry.

Machining of the Y-ring at Michoud Opera- Some of their early problems were caused by
tions is accomplished on a Niles Vertical Boring
Mill having a 27-ft diameter table with exten- inconsistencies in the composition of the raw
sions added to provide the capability of turn- material; however, tighter control of the mate-
ing a 4:_-ft di: _eter. The ring is positioned in rial specification has resulted in improved grain
the turning fix re, clamped from the outside, structure and mechanical properties. Machin-

e and then rough c, t to the inside diameter. The ing the inside and outside diameters of the
ring is then clamped from the inside and rough- workpiece pi'ior to spinning removes any sur-
ing cuts made on the outside diameter, top, and face defects and provides a uniform wall thick-

bottom surfaces of the ring. Clamping pres- hess. Another major problem was growth
sure on the part is released to permit residual experienced during aging. This has been re-

stresses induced during roll forming to be re- solved by completing the final tube reduction

lieved. The ring is then reclamped and the final on an undersi_ ed mandrel.

machining of the outside diameter is accom- The shear-forming or flow-turning process
plished. Following inspection of the outside is widely used throughout the metal-working

diameter, the b_kup-ring segments of the fix- industry. When applied to thin-wall tubes 40

ture are positioned, clamps are secured, and the ft long squeezed from a 1-in.-thick cylhldrical

inside diameter further rough machined to a blank only 62-in. long, conventional methods
minimum of 0.125 in. from nominal finish di- must be modified to ensure distortion-free and
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Fmua_ 12.--Machining of Y-_ng on _-faot-diameter vertlca_ boring mill.
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properly sized parts. The P, rsons Corpora- more than 5000 pound_ per S--IC booster.
tion accomlflishes this in a series of passes Figure 15 shows a full-size section of the
which fi:'_t reducers the annealed workpiece 75 integral tee-stiffened Y-ring. Preliminary
percent of its wail thickness. It is then solu- pocket, milling on 1/4-sca!e test rings is com-
Lion heat treated to the T42 condition and fur- plete, and full-size fabrication is feasible.
ther reduced 50 percent of the remaining wall Tests h_ve also been completed on full-size
thickness. After the part is aged to the T8 straight sections for establishing cutter geom-
condition, it exhil)its au ultimate strength of et:'y, feed, speeds, and other procedures in
65 000 psi, a yield strength of 55 000 psi, and preparation for fabrication of the first full-size
an average elongation of 9 percent, in a 2-_n. part. Not only will this new configuration re-

gage length (fig. 13). duce weight, but it will als_ s':mplif:, weld
assembly of the bulkhead to the cylindrical

SCULPTURING_ND HYDR_JLIC BULG" RMING OF BULKHEAD t,,nk skin by reducing the weld-joint thickness
GORE SEGMENTS HAVING IN" ._RA FITTING OUTLETS from 0.90 in. to 0.50 in.

The Boeing Company, Wichita, Kansas, is
currently d,_veloping techniques for bulge CONCLUDINGREMARK5

*,arm-rig apex and base gore segments which This p,',per touched upon but s. few of the
have bulkhead fitting outlets presculptured in more significant developments for sculpturing,
the part. Figure 14 shows a gore apex seg- forming, and spinning of large parts for launch
ment having integral fittings. This improved vehicles. An attempt has been made to demon-
manufacturing method will eliminate welded strate how the size of booster components has
fitting outlets which currently require bump influenced and further advanced manufactur-

press or electro-magnetic straightening of the ing technology. Age forming and hydraulic
welded gore assembly prior to aging. Pre- bulge forming have been described as com-
sculpturing and bulge forming methods devel- pletely new -_rocesses developed as the result
oped and used fur previous part fabrication of der-..as made upon manufacturing capa-
will be extended for this new requirement, bilities. The application of other, time-proven

_nd more conventional methods has been

MACHINING AND SCULPTURING OF CONTAINER BUIXHEAD- expanded to satisfy additional demands. Re-TO-SKIN TRANSITION SECTIONS IINTEGRAL TEr STIFFENED

Y-BINGSI quirements for the future are expected to reflect
the present trend of fabricating larger and

A new design for the bulkhead-to-skin transi- more complex parts.
tion is being incorporated for weight reduction. Size lim;tations imposed by existing equip-
This new design currently under process (level- ment capacities will be considered less impor-
opment will result in a weight reduction of tant than the search for ways to keep weigh_ to

. . a minimum. If the jmmber of sm_ller parrs
_.--- that comprises a welded _ssembly can be re-

• ,.. :_._ :.. _ ', duced, or consolidated into a single one-piece

r , . unit, then weight can be saved through theC_L."_ _ _-_ ;_ "5 eliminaCion of weld seams. The seamless, one-
-L_. _i_ "" " - piece lox tunnel is e.n exaanple of this then0.
_. .... --._ _":. : , , , i.., It is also possible that the fabrication of large

. ,/_ tank end closures from a single piece of ma-

_. ", , , .• . _ teria! may become a reality in the not too distant
" future. These exaanples serve to illustrate the

Fzounz 13.--FuU length shear-formed _19 dynamic nature of the ae_-ospac_ industry. As

aluminum loz suction line tunnel being meas- long as the demand for new techniques exists,
ured /or thic_,,es_; premachined billet arul the advancement o_ manufacturing technology
partially shear-/o,,-med part i_ /oregraund. will be a continuing process.
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8. Orbital Tube Flare for Tubing Connectors

JAMES R. WILLIAMS

George C. .llarshall _Dace Flight Center, NAS:_

Marshal, engineering p_,rsonnel have developed and are now refining a new and uniq:ie

method of me('hanic-illy flqring tubing. The system eliminates the u:_e of the (,onvel_ti(,La!

split I)aeking die whit'h is used with most tube-flaring equipment.

The Marshall-devehoed tool is adapted for use on standard Leonard 3-CP-IL r) flaring

ma('hines. Tim stationary ._plit backing die is replaced in fun('tion with a die ring, whose

i.d.-surface rolls or orbits aromld the o d. of the tube flare zone. An i.d.-flaring cone

mov(,s axially and forces the metal against the rolling die to form the flare.

Major advantages of lifts _yst(,m are the elimination of flash, or split die marks, on

the haok angle of lhe flare, and improved flare-surface finishes. 1)_,rmit_ing more uniform

sealing ,.hara('teristi('s and im':rovements of the total guometri(, configuration of tim flare

as required by the MSFC speeb!cation MC-146

The Orbital Adapter system of tooling is currently being used to manufacture flared

tube h'trdware for tlw Saturn V S-IC. sp:l('e launch vehicle at 3IS_'. for the Agena sl)a('e

htunch vehi(.h, l used for the Gemini proiect) at Lockheed, Sunnyvale, for LEM checkout

(,quipnn, ut for Grumman, and for the Saturn S-IV-B space launch _ ehicle by Douglas Air-

(.raft Company. Sev(,ral other a(,rosl,a('e firms are ewtlualing the system for possible

inuorl)oratiolJ on their tll|lO flarillg requir(qnents. Marshall engineers are now concentr:;t-

ing their efforts on r<,fining and reducing the total cost of the overall system.

The theme of this symposium offers a rather iion to increase seahng pressure as ihe mating
large variety of subjects to be discussed, parts oftheconnectoraretighteued (fig. 1).
Today, wt' would like to review a method of Most automobiles h'lve :t :(mnector similar to
tube flaring, that ilhlstrated on the hydraulic brake system.

Tube flares can be produced by many differ- Such a system uses soft steel or copper tubing,
eat methods, such as mechanically, explosively, and good sealing characteristics are obtained
or hydraulically. In l)rinciple, tube flaring is

not, difficult, and the eoml)lexit 3' of any syste:.n _ v25//_
is normally related to the quality of the flare
required. Tul)e flares can be required for many , ..... (\'_"¢, ..... :,'H:::_'N:::,':_,

reasons, but the ma.jor reason we need them at i_\\\\\\\\'_'\\\_'\\\ ..........

Marshall is to provide a leak-tight mechanie'tl ............................_connection, which can bc taken apart and re-

assembled on the pneumatic and hydraulic tube _:,"-,_'_.__,_'_\.'_\ _-_ ,,_,_-,_,",_,."_-",__.
system on the Saturn space launch vehicle. _"_\\\_'_$2__ "- TUSiNG

First, let us look at the location of the tube "\' ''" "_'___,___,4_'///J/_'(f/.J '-_EEW
&..N _///////",_,__flare within the tota! flared tube connector. The ,,, COUPLING NUT

tube flare connector trader diseussion is corn- _.

posed of the flared tube end, a sleeve, coupling _x__ COUPLiP,=G
nut, and coupling. The flare is conical in
shape, and self-centering, and uses a wedge ac- Fmuar 1.--Flared tabe connector.
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• _: _ i, T1.USDE,lION STANDARD _,STABLL_HES DIM£NS/(N4S GOVEItlqiNo THE FORMED OF TUBE FI.A/_
. THAT _ TO BE U_ED ,VITH STANDARD FLAKED TUBE FITTINGS. _;

• _ 1. THI[ FLA.q_ SE_L_NG SURFACE SHALL NOT EXH/B/T CONCAVE _ BUT MAY HAVE A CONVEX
,1 _ " CONIr/GU._*ATIG_ OF A CONCENTKIG NATURE NOT .*O EXCEED, o0t _S _IDICATED _q SECT|ON A-A.

_ $, FI.AIt_ 8EAL_IO SURFACE SHALL _ CONGENT_UC WITH OU FSI_ DIAMETEB OF TUBE WITHI)I. 003v TIM. PEM _ ,STD-8 AND BE IrJUEEFROM FLAWS A.5 DEF_4ED/N MI/.-S'J['D-iO.

_, 4. FLA/L_ $EAJ_/NG 8URFACJ r ROUNDtqJ;sS TO tile WITH/N. 0008 MAX/MUM DEVIAT|ON AJ_D NOT HAVE
MO,_Jr THAN. 0008 TOT,_J. ACCUMULATIVE IND|GATOR CHANGE IN AMY &0* OF ARC,

'; _ _"i $. _ &_ALINO SURFACE ROUGHNESS IN BOTH [_DIA_ AND TANGENTIAL DIRECTIOM$ 8/4ALL NOT

!_ EXCEED _ FOR STEEL TUBING OB _ FOR A|. ALLOY TUBING IN ACCOB.DANCE WITH MU,*STD*i0.
t_ J 6. DEBUBR EDGR:8 OF TUB/NO BEFOA r FLJUUNG: RAOIU8 OR CHAMFER AT EDGt8 MUST NOT EXCEED i

?, THEJIJ_ fJJ4/_l.* BE NO RADIAL, $CKATGH rj ON THE FLABJ_.
S. DIJ_HS/G_8 AkE IN INcH/r,8.
9. THe8 DI_/GN STANDARD J8 NOT _ !_ USED A8 A PAJtT NL'_dBEL

_A

-- _
_ j PROPOSED_ ....¢USTOOU_ GEORGE C. MARSHALL SPACE FLIGHT CENTER Hunts_fllie_Alabema

NONE J© TUBING END, FLARED, I MCl46
' co_,,_,_ S_A_I STANDARDDIMENSIONFOR

o i i"' °'.'

FmuR_ 2.--Fhred tube de_dgn standard M_156.
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with minimum torque, and pressure require-
ments are relatively low.

To review the requirements of the Marshall

design standard for flared tub;ng which is iden-
tiffed by MC-146: specifications, see figure 2. "=_

The fine priut defi_es the flare configuration re- _
quirements _ound necessary by experience and

tests to provide a flare capable of providing the
necessary sealing characteristics when internal

pressures within the system range up to 4000
psi. The specification requires the flare angle

to be -+1/2°, 0.0008-in. TIR on roundless and 4if" ._

0.003-in. concentrm with the tube o.d. The i.d. _.flare surface can have no concavity and must be __-'_
very smooth, that is, 16 microinches for steel

and 82 microinches for alun,mdm. ..,. _
The task for _.orming tub,_ flares to MC-146

standards has been a difficult assignment for
Marshall's manufacturing shops and the aero-
space firms which are fabricating Saturn V
high-pressure liquid and pneumatic systems.

The tube flaring tools -;hich have been used FIovR_. 3.--Spllt die and orbital cutapter.
in past years in most manufacturing shops Left--Split ,_'o system.; Fwd--_plit-die tube

basically consisted of an eccentric rolling center claT_p; Rear--Ge_ter flaring cone. Right--
Orbital flaring adapter; Fwd--Iris tube

cone and a two-piece ._plit backing die. Sta- chuck and spanner wrench; Rea,_--Orbital
tistical records indicate that this system and its flaring head.
principle of forming produce flares which at-

borderline in geometric configuration when in-
was built and su,_cessfully produced tube flares

s2ected against the Marshall MC-146 specifica- to very close tolerances as required by MC-146.
tion for flared tubing. Leak tests conducted with the flares p._oduced

This paper describes a new mechanical sys- on the Saturn machine were also at a tolerable

tem for flaring tubing now being introduced low rate. The Saturn flaring machine, becuase
for use ;n the Marshall shops and at the Satur_ of its complexity and prototype nature and its
V stage contractors. The process shows much many modifications, did not lend itself to pro-

promise of producing, on a high percentage duction requirements. The major problem was

basis, a flare as defined by the specification (fig. repetition of machine sett;ugs for a given flare

3). F,-r future reference in this paper, the requirement. The final results of the Saturn

tool will be referred to as an Orbital Flaring flaring machineproject are described in a Mauu-
facturing Engineering Laborato_y Inten_al

Adapter. Note R-ME-IN-63--6.
HISTORY OF FLARING TOOL OEVELOPM|NT

ORBITAL ADAPTER DEVELOPMENI'

The development of the system has an inter- In 1968, the ME laboratory initia_ad a new
esting history, the initial effort on the basic program to exploit some of the flaring principles
mechanical principle was started at Marshall of the Satt_rn flaring machine and develop a new
in 1961. This principle uses roll-_orming tech- tool applicable t,_ f_brication shop needs.
niques for metal, where the material is r,Muced A prototype orbital flaring adapter for 1-in.
in thickness between opposed rolls. A proto- o.d. tubing was conceived, built, and success-

type unit, known as the Saturn flaring machine, fully tried out in February 1964. Based on an
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evaluatiop of this prototype tool, :t production 1. The tooling was desigaed to be adapt_,ble
type of orbital adapter tool was designed, built, to the existing Leonard 3CP-HD ma-
and is now beiag used here at Mal_lu:ll to zm'mu- chines in the Marshall shops, thus capi-
facture fliglmquality flared tubing. Orbital talizing on tile use of commercially
adaptez.'s for 1/_-in.,¼-in., %-in., 1_ in., s/4-in., available equipment.
and 1-in. o.d. tubing are the sizes currently "2.The basic adapter head does not require

' being used. mechanical adjustment by the machine
The basic design of the tool is app,icable to operator. This has been accomplisheM

any size or typ': of metal tubin_ requiring flar- by manufacturing a separate orbital
lag and e-:iends the normal elongation ,-apabil- adapter for each required outside diam-
ity of most materia,s because of the opposcd roll eter of tubing, but each size of tool can
technique of forming the flare. The design of accept auy normal type of material or
this orbital flaring tool has been ,'dapted for use wall thickness of tubing.

q" " lr.on the commercially av alam,= Leonard 3CP- 3. Special efforts were made to design a
HD flaring machines which are in major use rngged bearing system using low-cost
here in the Manufacturing Engineering shops, ball bearings available at, most bearing

supply houses..The four SKF Catalog
Oroital Adlapl'erComponents bearings required for the orbital adapter

The following items were designed and com- cost approximately $16.00.
prise the basic components of the orbital 4. The problem of flare concentricity to
adapter flaring system now being used; figure tube o.d. was controlled by designing a
4 shows: variable-diameter gripping chuck which

1. An eccentric rolling center cone with centers the tube o.d. in the correct posi-
axial movement tion to the flaring mechanism. This

•). Ap orb;ting rolling backup ring relatiol,ship is locked in place during the
3. A self-centering chuck for holding the actual flaring cycle by requiring the

tubing, rotating head to revolve on the face and
i.d. surface of the porous bronze wear-

O,bik,t n,,,i_ Too,t_ig. co.su_,,a,°,, plate attached to the tube chuck.
Based on earlier work on the prototype tool, 5. The location of the tube, or the projected

sever, l design characteristics were estabhshed length of the tube to be flared, is
and incorporated into the configuration of the critical withil, a few thousandths of an
orbital adapter tools now in use: inch. The existing tube stop design did

not. provide a precision controllable ad-
,,,- ....... ,_ justment A micrometer-type adjust-_lu IwG. II_LUNG.IutCt ol. nNp_

__ ..... "_"" ment has been incorporated into tube__,_ stop of the flaring machine.

6. The number of parts were kept to a
minimum, and variations of material

,.,f - hardness were controlled to prevent gall-

,_, _s_: , _,,,._ ing of sliding surfaces. Where possible,, _ close-tolerance parts were designed to

. _ fia ,_ - permit the tool maker to produce

_:_,__ critical surfaces from the same setup.", --,_ . 7. Special consideration was given to the
" ,.... . center flaring cone to minimize shaft de-

";_' __-,_) /f._"
-- flection under load. This was accom-

plished by increas;,ng the flaring cone
FmvaE 4.--O_bital flaring adapter, shaft diameter and controlling the loca-

I
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t ion of the bearings to minimize canti- section of adequate cross section to fc,rm tlle
lever loading on the cone end of tile heavier ga_e material specified on some of the
shaft, large diameter tubes. As the center cone

continues to move forward and the flare begins
Operation of the Orblto" flaring Sys_m

to form, a _cond friction force is established
Figure 5 illustrates the relative movement of and causes the orbiting die ring to roll around

the major components of the unit as viewed the o.d. of the tubing in a fixed plane. The

from the end and side. ,'tt the start of the flare backup ring and the center cone are keyed to re-
cycle, the center cone moves axially and makes main in radial reg:ster; {hu_ keeping the rolling
contact with tlle tube end. Tile rolling center surface.s which contact the flare diametrically

cone is used to form the i.d. surface of the flare opposed. The center hole in tile orbiting ring
ia a mamler similar to the conventional split-die is larger in diameter than the o.d. of tile formed

system. The flaring center is eccentric relative fla,'e, tiros permitting the enlarged end of the
to the statiomtry tube, but is desigaled to move tube to be withdrawn through the hole in the
axially and to form the i.d. flare surface by an die ring whcn flared. The i.d.-edge profile of

oscillating rolling movement. At 90°, the the orbiting ring matches the o.d. profile of the
orbiting cole has moved forward and is begin- flare. With each revolution of the cone and

ning to rotate about its own centerline by fric- ring an additional quantity of flare will be
tional contact with the tube. The main drive formed. Xorm,'dly, it takes approximately 10
spindle provides only the rotational movement revolutions to complete a flare.
to roll tim eccentt ic cone around the tube i.d.

The axial movement also permits precision ElectronicControlCoosole
flares, to MC-146 standards, to be made on the In addition to tim orbital flaring adapter, it

t/._in. diameter tube as well as the larger sizes, was recognized at the start of the program that
Eccentricity of the center fl:-. big cor.e increases it. would be necessary to closely control tile num-
as tube diameter increases, permitting a cone bet- of revolutions of work reqm-ea to form a

END f_-..
VIEW -

)I

m is

Fmmm 5.--Sequenve o/flare generation, orbital adapter.
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given flare ('oniigurathm at a specific pressure Conso|e F|_trica|Operation

and within a defined time frame. This re- Figure 7 illustrates g block electric diagram
quired control is a('conqflished by use of a of the console. '[he unit isoperated by astand-
Marshall-designed and built electronic console

(fig. 6) whi('h is electrically wired to the flaring ,.
mgchine. It performs several functions.
First, it is used to indicate the rpm of the drive _ "_'
spindle when adjusting or setting the flaring
nm('hine sl)indle speed; then, it is used to count

and control the number of revolutions of the ;I- % . _)

flaring head during the forming operation. { _-: _ N ........

The unit also registers tile applied pressure " -_.
of the center flaring cone on the tube surface _"_'_

being flared. This was accoml)lished by strain- _ ..............
gaging the tmxp_e handle of the flarin_machine _ " i, " _ ---
gild tl'allsfor,';l_ _-1..... ".......... ,_ twnectmn values electri-

M

tally into the (onsole. Correct l)ressure value:¢ F:,vRr: 6.---Ot, elwtor u._ing total eg_dpment.
,w settings, l)lus I:igh and low limits, are empir- Lefl--OrbitaZ flaring adapter inserted into a
ically deter:nined for each flaring l_quirement, st, ndard Leonard-3CP-tID tube-flaring
The -rbital flaring adapter and the control con- 'm_whine. l,_ight--Eh'ctronic cm#rol cwtsole.

sole, as described, provide tile operator with a Attached accessories on .nuwhine are torque
system of semi-autonmtic and precision control handle (operatoFs left hand) a:n_ tinting
over all ph_es of the flaring operation, u,heel at rear of driee spindle.

TACHOMETER AND

.EUT,O.COUNTER: |
llllllloooT'- STRAIN

_GAGES (4)
O.C. VOLTMFTER

STORAGE PHOTO CELL

UNIT AND l

DISK

OEI.AY LIGHT

RF..SETTER RED LIGHT

b e 3 ] +R,._f_+R, )

x L_ c_ iisv. D.C.SUPPLYrrO" (_'. HiGHPLUG 8 SOCKET j_

/ ,i WAFFLE TYPE

PRESET SWITCHES

"--WHEATSTONEStoOGE _1 OFF GENERATOR]

GAGE CONNECTIONSON THE ARM WITCH

_"-MACHINE OPERATING ARM !

120 V
60_

FIGURE7.--Electric-block diagram of the consolc.
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ar,l 190V 60-cycle power supp!v. Tile unit is provided it is on the outside of the first pair of
partially controlled by a photo-cell receiving gages.
light inlpulses from a separate 6V d-c power The strain gages have sufficiently h;_n out-
SOUl'Oe,and the output of 4 semiconductor put to pernlit the pointer of file controller-
active strain gages mounted on the torque galvanometer to close a meclmnical contact and
handle. These gages a',',zconnected in a Wheat- energize one of two re,,ys in the power pack.
stone bridge circuit, as shown, and have a ('losing of a relay light_ either the "high" or
_parate 6V d-," power supply. "low'" pressure lamps, thus indicating whether

The manually positione_t controller-galva- the force on the operating arm should be in-

nometer ha:. three settings for pl_ssure or pre- creased or deceased.
delernlined force to be applied to the operating When the operating ann pressure is correct,
arm : high, lm_, and correct, and the middle pressure lamp is lit tlle revolu-

The preset switches, as shown in _lle diagram lion counter _tarts to tount the pulses it receives

are manlmlly set for the established hi:tuber of froln the photocell and to translnit these pulses
revohltions of work necessary to produce the to the storage and read-out unit. When the
MC- 146 specification flare required, number indicated by the lighted digits in the

Tile selector switch is positioned or, Che storage and read-out units becomes equal to the
"'Preset" point during the actual flare-forming previously selected number on the pre_t
proce_¢,. To obtain the number or :evolutions switches, the counter stops transmitting the
per milmte, as pre_iously determined for the pulses to the read-out unit, and a red lamp
particular specification flare under considera- lights. This light is an indication to the

tion, the selector switch is turned to the rpm operator to release all pressure on the operating
pointer. The storage and read-out unit will arm, becau_ the flare-forming process is com-
theu show in lighted digits the actual number pleted.
of rpm at. which the nmchine is operating.
Necessary corrections to spindle speed are made RESULTSOF ORBITALADAPTERFLARIIqGTECHNIOUES
by adjusting a varialfle speed pulley mounted As of this date, we have formed several

on the drive spindle of the machine. The thousand flares using 1/8 in. through 1 in. size
storage al:d read-out unit indic,_tes the rpm adapters. No major difficulties have been en-
speed by means of a photocell receiving light countered in producing a quality flare when the
ilnpulses through slnall diameter hohs in a adapter head and components conform to the
steel disc mounted on the spindle shaft of the tool desi_l drawings and are operated prop-
nmchine. There are sixty evenly spaced holes erly. We are currently producing flares, fol-

in the d;sc, drilled on a common diameter circle, lowing the MC-146 specification on a ve D" high
Therefore, the lmmber of holes going past the percentage basis. The most encouraginf as-
light in one second is equal to the number of pect of the entire program is the consistently
revolutions of the disc per minute. The time narrow band of values obtainable for each meas-
interval equal to one second is supplied to the ured characteristic. We are now at a stage of

counter through the selector switch by the 1- establishing the optimum series of settings for
second time generator, each flare and material requirement. Minor

Due to the pos;tloning of the strain gages on electrical and mechanical refinements are al_

tile operating arm and the method of their con- being incorporated into the flaring system which

nection in a Wheatstone bridge circuit, the will bring the band of controlled values closer
bridge output will be proportional to the differ- to MC-146 nominal requirements. Develop-

ence between the bending moments taken at the ment efforts are now being directed toward auto-

gage locations on the operating arm with re- mating the total flaring cycle based on values
speet to the center of the toroued shaft. This established with the use of the electronic con-

holds true regardless of the point of application trol _onsole. Emphasis will also be placed on

of the force producing the bending moments, developing an economical automation system.
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Inter_mland ExternalAngle Any niclrs on the o.d. of tubes are usually

Tile item requiring the greatest amount of rolled smooth during the flaring operation pro-
development in the orbital adapter tooling was ducing a finish which is usually equal to i.d.
the geometric definition of the tool surfaces finishes. Although the current MC-146 speci-
which control the 33- and 37-degree angles. It fication does not fully control the backside char-

was necessary to try _veral combinations of acteristics of the flare, it is felt important to
tooling angles with variations of forming pres- produce a smooth surface free from m_rface
sures and the numher of revolutions of work. roughness, split-die flash, or configuration off-

Normally. the band ,-)f va.riution was narrow set. The backside surface quality inherently
for a particular set of conditions. The prob- produced by the roll-form technique becomes
lem then becomes one of balance where the an :ulvantage toward optimum sealing con-

angles, surface rougimess, and flare o.d. are ditions.
adjusted to brirg the total flare confi_wation bundn,ssof the r_,r,
within tolerances as defined by MC-146. See
figures 8 and 9. The MC-146 specification requires the round-- ness of the flare to be within 0.0008 in. TIR.

su_.ce bughness Flares produced by the three aerospace firms

The surf'me finish produced on the flare i.d. and Marshall using the split die system had

(fig. 10) usually fails in the 5- 10-microinch results meeting specification approximately
range. No polish operation is required after 80% of the time. Normally, flares p .rgduced
flaring, with the orbital adapter system of flaring will

5PEC.
37°30" MAX.

_7o- AVE.

,_" SPEC.
,,0,, MIN.

O 36°

O
-I

7
ac Gm
t- F
z F D

E
35° F

E F D

D E

INTERNALANGLE ANGLE

VS _AVERAGE
3'I° TUBEDIAMETERAND/ORMATERIAL G

FOR FOURFABRICATORS" _':J._._-MINIHUMANDORBITAL FLARING ADAPTER

D F G "_" ANGLE I

I/r'.s=1 ,/,".ssI I 3._"-ss1 I vr'. ssI I I_".AcI I 3__/e'.s=I I ,".ss II,,_".ss

Fzovaz 8._GrapMcal illw, tration showing tube-flare inter'hal angle measurements as obtained
from statistical recordings. Asterisk indicates use of split-die tooling.
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ORBITAL TUBE FLARE FOR CONNECTORS 83

exceed this 80% level. Inherent in the roll- ground 0.003 in. eccentric to its shaft and then
flaring l)rocess, roundn_-_s is produced because used to flar'_ (30) a_ in. o.d. and (30) 3/_ in. (,.d.
of the uniform cir,,:ular geometric movement tubes. Approximately 75% of the i.d. flare sur-
of both tool surfaces forming the material, faces exhibited some measurement of concavity.
Roundness of the backside of tlle flare will Tile cones were reground to design req,.ire-

m:,tch the i.d. side within 0.0002 in. to 0.O003 in. m,mts, and the convex surfaces were again oh-
We believe this uniform-flare wall thickness rained. This point t_as been made to stress the

adds to th," potential sealing capability of any importance of closely controlling the dimen-
flare, sional quality of compo,ents comprising the

orbital head. It, is a precision tool and must be
Concavity and Convexity of Flare Surface

treated as one.
The i.d. surfac, " the flare formed with the

orbital adapter z)ormally possesses a slight con- Co._..._i_.
vexity of 100 to 300 microinches {fig. 11). This Concentricity as defined by MC--146 is the

provides a line or ring contact which improves relationship _tween the i.d. of the flare and
the sealing characteristic of the joint, the o.d. of the tube (fig. 12). Normally, flares

In a control progTam to study causes of flare- produced by the roll-form technique will meet
surface concavity, a center flaring cone was this requirement. Exceptions to this have been

3S

E
29

/_..x,.u. I

MC 146 EVALUATION

_ EXTfR.ALI vs

0_:':._ ANGLE I TUBEDIAMETERAND/OR MATERIAL
27°04_ O _tL MINIMUM [ FOR FOUR FABRICATORS*ANDF ORBITAL FLARINGADAPTER

,/," ss ss ss v,".ss

Fiomm 9._Tube dia.meter and material--tube-flare external angle me,a, urements as obtained/rom
,tat_tieal, recordi_js. Asterisk indicates use of spl_,-d_ tooling.
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traced to tool coalponents _bich were out ot Cracking of Material at Flare o.d.

design loleram'e and _dlowed tlle tube to br posi- The flare cracking problem that perlo(.lcahy
ti(,ned and h,qd off of the rotational eenterline occurs on 1/_ in. and 1/_ ill. o.d. tube flared by the

of the flaring head. The backside of the fizre is split-die technique is pr_w.,tically non-existent on
normally similar to the eoueentricity character- fl_u'es produced with the orbital ad_pter. It is

istic of the front side and acids to optimum seal- possible to roll-form flare _u,'faces 2 and 3 times

ing conditions, their normal length be/ore the material fails.

;" [ MC 146 EVALUATION

/ SURFACE R_UGHNE$$
ITUBE DIAMETER AHD/OR MATERIAL
! FOR FOUR FABRICATORS t

lAND ORBITAL FLARING
ADAPTER

_MAXIMUM

--_U_0--U.I-"_' 60- _ _ _ _ _--AVERAGE_,7aJ 50 D E F C, 0
...e.

5PEC.
=_ 32 --.MAX.
" 30 -- AL,

-bu 2°
$PEC.

16 -- MAX.
55

l0

o11°.,oo,°.,oo °.FOOl.°.,oo° ,oo1/8" - '$5 1/4" - $5 3/8" - S*" I I/2" - SS I 1/2" . AL 3/4" - 55 |" - 55 1 1/2" - 55
I i

FmVRE lO.--Tube diameter and _r_terial,--sur.face finish of tube flare measurements as obtained
]rc:7_ .-tot;_stical recordinos. Asterisk indicates use of split-die tooling.
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800 I MC 146 EVALUATION 810 13_I SURFACESHAPE

t VS 707 723700 TUBEDIAMETERAHD/OR MATERIAL
| FOR FOUR FABRICATORS*
I

600 1 ANDORBITAL FLARINGADAPTER

5OO
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z 300 _.
U Z
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u
o 200
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U
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"< I00
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400 MAXIMUMCONVEXITY

5OO
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600
7O8

733

!/8". 5S I/4" - SS 3/8". SS I i ;,'2" - SS 1/2" - AL 3/4". SS 1". SS 1/2" - SS

FIGURE ll.--Tube dimnete. _ end materia]_--surface shape as obtained from statistical averages.

Asterisl_ indi_",ates use of split-die tooling.
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9. Tooling Concepts for Assembly of Large Structures

R. HOPpES

George C. Marshall Space Flight Center, NASA

Manufactl_re of the S-IO stage of tee Saturn V spa('e vehk'i( has resulted in new
(,m,'apts qnd innov:ltions in the field <)f tooling. Th(, structure size (:;5-ft die:actor), the
high reli'tl)ility "aid ac('uracy requirements, and Ill(, low density or i)rodn('tion quantity lead
to a great_'r (legre(, of sinll)li('ity, e('ouonly, and versatility in fabrl,..ition and assemt)ly
|,_oling. There are three specific con('eI)ts whi('h should I)e ._Pl)licable in industry, local
jigging for welding rotation of ._tru('|ures in vertit.al assenlblies, and the assembly cf two
s! ructn res.

The ,:sual weld jigging serves a two-fold purpose: ta) to support the molten weld
]toddle and {b) to force and maintain :dinenlent of tile parts being welded. The extension
of this mcth,)d to large-diameter tanks is expensive and difficult. An alternate procedure
used at MSFC in to perform free-st, tc welding and use local jigging (strap-clamps) and
intermittent tack welding.

Cylindricql stru('tures can be accura(cdy rotated for routing or wetdmg oi, a simplified
ring lurntal)le. The too _ consists of a ring of the structure diameter resting on rollers.
Tel'flue is m.arly z ,re sim.e the ring is rotated by frit'tion r,dlers with tlle for('e being el)-
plied at the ring perimeter. Two such turntables are used at MSF('.

The horizontal mating of tw,_ large components, where (.c,ntrolled motions of small
hl;lgllilllde are necessary, ('an be _asily done I)y positioning units equil)pen with air-bear-
ings. Such bearings are usable on concrete of minimum surface preparation aed require
no special air pressure source. This concept is used in assembly _,f the two S-IC containers.

A brief history of the evolution of tooling stretched the practicality of unchanged tooling
philoso])hy at the ,MSF( _ will clarify the need concepts. It became necessary to erect tl)o con-
mid logic of present con-ol)ts for as.,_emblyof tainer with its center axis in the vertical. Weld-
large strl,etures and will perh_l)S help others ing techniques had to be extended to ilorizontal
avoid some of the pains in tooling-concept and veriical modes seldom used :n h;gh-quality
development, ah_minum welding, but jigging accu,acy re-

The history starts witl,, the Redstone and quireL_ent,: did not lessen. Matin/ of parts,
Jupiter lnissile._which have diameters of 70 and distortion control, ancl the like, were just as im-
105 inches, respectively. Struclura: and corn- portent in large vehicles as in small. Produc-
ponent qssembly was done with the center axis tion density was too small to justify the cost of
of the cylindrical segments in the horizontal large, ('Oml)lex tooling patterned after the
position. Welding was done in the conventional Redstone.
positions using round-out rings for sizing, jig- NEW _ONCEPIS

ging, and supporting the weld. The tooting was
successfull and was neither bulky nor expensive. :Nrewconcepts that would provide simplicity,
Moving to the .qJ-in.-diameter ,lupiter was still economy, and versatility were in order. A
considered practical with conventional tooling, new philosophy was evolved which (l) placed
The event of the S-IC vehicle, 33 feet in di- greater resl)onsibility on electronic and welding
ameter and 4 times the size of the Jupiter, equipment, thus allowing less complex and ac-

87
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eu,._*_ _,;e!in:., (2) omitted superfluous tooling and (b) to force and maintain alinement of tile
details not re'dly pertinent to functional re- parts bein_ welded. The extension of this

quirements,,_nd (3) s!imulated new or dilt'erent method t., large-diameter tanks is expensive,
tooling concepts. It is not the purpose of this and it. is difficult to accomplish the necessary
p.q)er to di._uss the complete system in detail degree of jigging.
but to present some of the less abstract tooling An alternate procedure (used at MS].,'C) is

concepts to industry, to perform free-state welding and use local

: Three specific concepts should be al)plicable jigging (strap clamps) and intermittent tack
in industry: (1) local jigging for welding, (2) welding.
rotation of structures in vertical assembly, and Free-state welding, that is, welding without
(3) horizontal a.-ssembly of structures, l)uddle support, became practical in materials

,as thin _',s l/s in. through improved power
I,oc.l Jiggingfor Weldi-a9 sources and electronic controls. But removing

The weld jigging most often used in industry the puddle support, only insured, more uniform-
consists of round-out rings (in the ca_ of longi- ity of .solidification and did not lessen aline-
tudinal joints, b'lcking, and SUl)l)ort bars) and ment of parts. The old principle of strap-
rigid elaml)ing n_:.-mbers (fig. 1). Jigging clamps, not unknown in large tank construction,
serves a two-fold purpo_,: (a) to Sul)port the is effectively used to aline parts, as in figure 2.
molted weld puddle alnd control solidification, A number of these devices may be applied at

, _-z-am_k

J. .) _ '_- , .

• Q

1966008417-097



TOOLING FOR LARGE STRUCTURES _9

v

J,

FIGURE 2.--Appl;cation of _t_.ap clamps. = -.

and are presently adjustable to material thick- " .-

nesses up to 11,,_in. without change of opera- . .....
tional procedures. Each tool consists of a _,

retainer, a stainless steel bald, and a screw [ .o..... :" '2" : _-Tm=hm_'_-_ 1
housing as in figure 3.

The theory of operation is that of a simple FmuRz 4.--Cross section of weld joint.
compressive mechanical device, with the two

basic parts located on opposite sides of a weld clamps (fig. 5). The combination of tack welds,
joint aud drawn together by tightening the thin strap clamps, and accurate weld equipment
band until the workpieee_s are aligned, as in constitute a jigging method that is economieal,
figure 4. A weld joint separation of about 0.010 versatile, and accurate, and should be usable
in. is required to install and remove the clamps, where tooling costs outrun production density
The device has a built-in shear to effect removal

or where component size exceeds normal tooling
from a weld _oint. The tool weighs 21/_pounds design.
and is c(nstrueted of nonmagnetic materials.

It is designed to insure continued reuse in vari- no,anonof Structuresin Vertical Assembly

OUSapplications. The second tooling concept deals with the
A third requirement in jigging is to maintain rotation of large structures, during the process

alinement during welding. This h_ been done of machining or welding. Such structures ran
by tack welding before removing the strap be a_curately rotated on a simplified ringturn

table (fig. d). The tool consists of a retnining-

ring roller support, electrical drive motors, and

associated controls. The independent support
modules and motors can be repositioned for dif-

_L. - . ferent diameter structures, requiring only the

"--" manufacture of corresponding retaining rings.

FIOURE3.--Gampone_ts and strap dar_p. FIGURE5.--DSGP-TIG f_avkwelds.
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Thus, tile initial tool cost is reduced through The following theory of operation is quoted
simplicity, and the assembly is to ,'tlarge d%rree from the operation handbook prepared by
versatile and independent of vehicle diameter. General Motors:

The drive system consists of two Sciakydyne Hovair is a uniqu_ air-fiotation device which com-
l_-hp motors and controls. The motors are bines the advantages of the standard air bearing

wired in series. There ate two pressure wheels (namely its ability to support large loads on low.

per motor, one of which is driven. Approxi- pressure air and its low air-fiow requirements) with
the advantages of the air-cushion device, that is,

mate ring-travel speed range is from 9. to 60 its relative insensitivity to surface undulations and
ipm. The ring rotates in ,'t plane within 0.002 irregularities. Hovair's principal advantages over
inch. The routing and welding of bulkheads, conventional means of support are its ability to pro-

Y-ring_: and cylinders of the S-IC stage have vide omnidirectional, e_entially frietionle_ motion
been accomplished on this tool. A similar tool in a plane normal to the load (hence, exceptionalload maneuverability), its low load-support profile,
is used for final assembly in the vertical and its lightening of the load to reduce surface-unit
a_embly tower, loading.

It is the tooling principle that is of major Figure 7a is a cross section thrsugh a simple air

interest, namely, the USe of independent tooling bearing, showing the lubricating air film. The air• bearing supports large loads with small unit pres-
modules wlxich can l)e re-arranged into several sures. Its princilml advantage.s are: low power
functional wholes, each whole serving a specific requirements, low noise characteristics, and low

manufacturing task. Thus it is possible to con- surface disturbance (abser.oe of dust and flying
ceive of tools for machining, welding, assembly debris). An air .source supplies a film of air betweenthe .su[,port surface and the ground surface, but
and support, being formed from simple, basic because this film is only a few thousandths of an

modules, reducing cost and lead time in tool inch thick, a very smooth-ground surface is required.
fabrication.

*'A'* AIRBEARII_ "B" AIRCUSHIONS

The third concept, applicable to the hori-
zontal mating of many large structures, is that

of air-bearing positioning units. Saturn V

_ssemblytoolsare an example. The General I
Motors Defense Research Laboratories de- PLm_,,_ER ,,_Rj_

signed, fabricated, and tested the tools under FIGURE 7.--Air-bearlng and a_r-cushian
contract to MSFC. devices.
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Figure 7b is a cross section of two typical air- <'an be .ueeh that the Hovair pad of equal size
-'ushion devices that owrt.onm tile requirement for SUl_Piled with (_i,lal pressure will actlmlly lift a
a very smooth-ground surface b:,,.:_se of their higher much larger load thu:_ the air°bearing for tiae air

el)crating (.learances. The principal advantages of clearances shown. It sht.:_ld he noted here that,
the air cushion arc: relative insensitivity to irregu- while the air-bearing clearance i_ in the order of a
larities and undulations in the ground surface and few thou.-;andths of an inch, that ot the Hovair can
ability t- negotiate large foreign ohjects in its path. "_e several inches from the ground to the rigid plat-
However, its requirements for air flows are greater form. Thus, it can el)crate satisfactorily over con-
by erders of magnitude than those of the air hearing, ventional iactory-qualily concrete floors.

Figure S is a cr(rss section of a IIovair pad depict- General Motors has made an excellent struc-
ing its ability to conform to surface undulations. It
(.ombin,_s the advantages of t-he air bearing and the tul_2l application of this theory. Two separate
air cushi_,n by employing a fiexibile diaphragm tools provide 6 degrees of freedom for the final
heneath the hmd-suPlmrt surface. First, air fills the adjustment of the lox section and the thrust
('avity between the (l%'t:hragm and the load-support section of tl_e S-IC stage of the Saturn vehicle
surface and then estape._ through the clearance be-
tween the undersurface of 'he diaphragm and the (fig. I0). The air-bearing SUl)ports allow three
ground. The clearance betwee,: the diaphragm and degrees of adjustment in the horizontal plane
the ground is only a few thou._andths of an inch, (axial, transverse, and yaw)" hydraulic jacks
but the distance between the load-sui:port surface provide the remaining degTees of freedom of
and the ground cab be several inches, adjustment in the vertical plane (pitch, eleva-

Figure 9 comlmres the radial pressure distributio.n lion, and roll).
of the air bearing to that of the Hovair pad. Since
the lifting force of both devices is determined by the The two elements of each Support Tool
product of the area and the integrated pressure, it consist of:

(1) A welded-steel structt_re with pro-
visions for attachment of an intercon-

; necting beam

• _ (2) An air-flotation system
_'l_ ' (3) A set of floor jacks, and
IB

(4) Hydraulic components, including hy-

_'. _ " _ draulic jacks for adjustment of the lox
. section.

• The elements for both tim tooling ring and the

C _ 1_t"_" ----.- _ transporter support tools are typical except for
_'/____ . the number of pad assemblies. There are four

_ _ pad assemblies on the tooling rirg support ele-
-- HOVAIRSY$TF.M ments and six on the tra_n_sporter support

elements (see fig. 11).
Fmtrrm &--Air-flotation device.

Pl _am

v,

' __it'-i .............
wowal x _ x ata _lAmm_

mtTA_t From ri_tlm

Fmunz 9.--(;/ompar_on oJ radial pressure
d_trlbut_n. Fmv_ lO.--A.esembly adjustment.

7t_i--453 0--66------7
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 Jll ,rim

• -"--.,.=
m '- -

"-_' ,'. FIG_-RE12.--Pneu.l,:atie control,.
_m--

---" _ " ing of inlet plumbing with on-off valve, mois-
_'----_'---"ma
__ '..L___ ture trap or air filter, pressure regulator,

, flow-control orifices, pneumatic stabilizing

tm_ks, provisions for supercharging individual
'- pads, and the air-flotation pad assemblies.

A quick-disconnect fitting accepts an external

FIGURE ll.---Tran.vwrtersrq_port tool. air supply. Incoming air, at 65 psig and 15
scfm per pad, is dehydrated, and pressure is
regulated to insure a constant manifold pressure

The welded-steel structure was desi_md to a of 45 psig. See figure 13. Operating pressure
Sl)ecified load while supported by the pad as-
semblies during operation, or by the floor jacks is a direct function of the load, resulting in pres-

sures of approximately 6 psig for the tooling-
during shutdown. A minimum safety factor of ring support, tool .:nd 9 psig for the transporter
2.5 (1,ased Ul)On yield strength) was used to support tool. The operatingpressureswillvary
coml)ensate for po:sible uneven floor conditions, slightly among the pads due to an anticipated

The interconnecting beams were designed to floor irregularities and manufacturiag toler-
tr_msmit the transverse forces exerted by the ances.

Saturn ground-location device to the support The pressure-regulated air is transmitted to
elements, the pads through an air-tight element-base

Each pad assembly is accompanied by a man- struct,ure manifold (the rectangular box beams
ual floor jack, _hose function is to prevent a

sudden settling of the iox section during the All _'_JPPL_' 16SP_ *llmalt_

mating operation in the event, of an inadvertent

air-supply stoppage to the tool as a whole or _,r
from the failure of an individual pad. ,...............

There are two hydraulic jacks for each sup-

port tool to provide precise vertical positioning . ,....

of the lox section during mating. The jacks 1: , ............

are controlled from a control panel on the power _ ............."'

pack for each tool. By selective operation of
the four hydraulic jacks, pitch and roll motions
are also provided ...........

Each of the two support elements in figure 12 .................. '
contains a separate air-flotation system consist-. Fmvms 13.--Air-control system.
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TOOLING FOR LARGE STRUCTURES 93

serve as air ducts) and through individual ori- l)res_,ure plus a critical-flow orifice and stabiliz-
lice plates. A sl.,bilizingtank is vented to each ing tank assures essentially constant flow to
pad air-supl)iy iine downst,'eam from the orifice each pad at all times. This arrangement makes
plate. "Fhecombimaion ofa regulated man!fold the flow and pressure at each pad eOml)letely

independent of the action of eny other I)::d.
' , ' " ' , Figure 14 is a photograph of a lox and thrust-

;' structure assembly. Some 25 000 pounds were
, supported by the air-bearing system. Yet the

-- vehicle components were readily moved in: ,) as-
':_ ' " _mbly position, requiring less than "200-pounds

' I
• :_ ' horizont_fi force.

IL,,, I . " CONCLUDING REMARKS\,

_t.i ,.l_: " Tim detailed procedure of the lox and thrust-
," ,"_] J_.jJl___ " structure assembly is well documented, and the

" "_ _ , I " pertinent point is that it is an example of apply-
_. . ,, :. - _;_.2-- ing the principle of air-bearing supports. By

such tooling, large and heavy structures are
FIGURE 14.--Lox section and thru._ section easily maneuvered into precise assembly

assembly, position.
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10. Sliding Electrical Contact Materials

J. (3. HORTON

George C. .llarshall Space Flight Center, N.4S.4

Tin, resulls .f research programs to develop sliding electrical contact materials. Imtll

brushes and slip i'illgS, are discussed. ProbhqllS attendant to operating sliding (.Olllil{ "'_

ill :! Vll('lllllll ;11"t' d(,|ined; limitati<ms of commercial materials in solving tln,se l_roblelns

are described, and special materials and surface linish cmlditimls which have resulted ill

-ohltions io these l)rt_blelllS are i)resellted. Data frolxl operational tests oi1 tile newly

developed materials are (-(,mpared with similar data obtained from inaicrials now used

,Is standards in consumer products. Possible commercial "lpitlications of tile nlore efficient

sliding contact materials are discussed briefly.

The majority of the work done on sliding al'llla;llre. The l>rudws must be capable of
electrical contacts has |_een directed toward ,.ondu,'ting an eie,'lrie current and l)roviding

obtaining a solution to a Sl)ecilic i):'oblem relat- lul)rication for the contact surfaces between the
ing to space vehMe develol)n,ent. Much of the start(mary brush and the rotatin_ commut'ttor.

work has Iwen done umler conditions >imulat- The t'-irst motors and _'ellel'aiors llse(1 brushes
ing the enviromnent of sl)ace. Nevertheless. lnadv of many small eOlll)er wires similar in
there are several areas of investigation which confi_ruration toa paint I)rush. This originated

have i_tentia] commercial al)plications and the term 1,rush. and it is generally applied to
should be of general hlterest. One of these is any device which transfers current from a sta-

g program to develo I) materials for use as (,lEt'- It(mary to a rotating body. The brushes were
trical Iwushes in motor-_enerator type al)l_ara- not very efficient and had a short wear life.
tus operating lulder high va('mml. The second Fortunately for electric lnolor mamffacturers
is the deveh>l)ment of materials for low-noise, in parllcular, and the industry in general, not

miniature slip rin,_s for use in the vehicle- long after the electric motor emerged from the
guidance system, laboratory, it was discovered tha_ there was a

The electrical-brush develol)ment i>rngram material ah-eady in existence which was ideally

has l_cen entirely an inhouse effort. The minia- suited for eh,ctrical brushes. Graphite, a form
ture slil)-rin _ lWogram was eontlm'ted as a .i,.)int of carbon, possessed 1)oth electrical conductivity
inhouse, toni factor effort with the I IT l_esearcl_ and excellent lubrieatilq.,.' qualities and l)rovided

Institute of the Illinois Institute of Technology a long, troul)le-free life. It was relatively in-
in ('hi<'ago. expensive and could be easily formed into the

[t_r cat aRus_J_s pr(>l)er shape. Ahnost from the inception of
the d-c electric motor, gral)hiie brushes per-

Electrical I)rashes a,'¢ used to transfer (dec- formed s(_ well that :dm<)st no eit'ort was ex-

trieal current from the :_t'ltiolmry frame, to the petaled in developing other possil>le materials.
rotating armalm'e of an electric motor. They This bright l>ictme clouded somewhat in 1940

are mounted i_l holders attach,,d to the frame when high altitude aircraft encountered pre-
of the m(>tor and are spring loaded for a tirm mature failure (>f motors and generators due

contact with the commut:uor portion of the to short brusl;-life from ral)id wear of the

95
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96 sv_PosxvM ON TECIINOLOGY STATUS AND TRENDS

brushes. The reasons for the short weal" life these conditions render them useless as elec-

can be. understood by briefly examining the lu- trical brushes.

brication meclmnism of graphite brushes. Tl_e For this reason, the aerospace industry gen-
lubricity of graphite is due to absorbed water orally chose to abandon the d-c type motor,
vapor and oxygen), which effectively satu:'atcs which requires brushes for operation, and utilize

the intercrystallite spaces, satisfies the inter- a-c operated motors. This approach r)resents
laminar bonding-energy requirements, allows additional problems, since all spacecraft power
the individual crystallites to slide easily over sources are d-c. A method of converting d-c
one _umther, and produces the normal slippery into _t-c must be added to the motor system, in-
feeling of graphite. The lubricating action of creasing weight and expense, and reducing re-

graphite is enhanced by the layer of copper liability. This approach c_lsoignores the many
oxide produ:ed on the surface of the copi)er desirable features of the d-c motor, such as high
conmmtator by its contact with air, which pro- stai_ing torque, simplicity, and continuous speed
sents a smoot],, tough surface for the deposition control. The approach was to retain tha in-
of a graphite fihn by the brush, herent siml)licity and flexibility of operation of

As the aircraft industry progressed, the prod- the d-c motor by developing materials which

ucts achieved higher altitudes_ and consequently could function properly as electric. 1 brushes in
lower atmospheric pressure, with less water va- wtcuum. The requirements for the material
per and oxygen content that at sea-level pros- were well kr.own, based on experience with
sures. Because of this, some of the water vapor graphite, except that the material would have
and oxygen is lost from the graphite, and is not to continue oper_t.ing properly at. very low pres-

replaced. The lubricating action of the brushes sures. The r(:qubuments for ma#erial selection

is destroyed, with a resulting high w_.c rate were established as shown in table I and used
and shortbrushlife, as criteria for the selection of candidate

Since this problem had military significance, n_aterials.

considerable effort was expended to produce a The initial materl'd sde_.text _ as molybdenum
brush with a useful wear life ag these altitudes disulfide because its properties are well known,

and it has a crystal structure strikingly similarand pressures. Solutions to the problem were
to that of graphite. However, its sharp eleav-

various additives designed to enable the utili-
age is due to a weak sulfur-sulfur bond, and its

zat,ion of the small amounts of water vapor and lubricating qualities are, therefore, independent
oxygen in the atmosphere at high altitude to of any absorbed gases or of its operating on-

restore the normal lubricating action of the vironment. The two primary difficulties in
grapl6te. These solutions were successful, and utilizing this material for electrical brushes was
again the brush problem appeared to be solved, the fact that it normally exists as a dispersed

The advent of satellites, space probes, and powder and has a resistivity much too high to
other vehicles desire-ned _) operate in the on- be an effective electrical con4uctor. These two

vironment of space p':oduced a new interest in problems were solved by forming the powder

electrical brush materials when it became ap- into a solid by compacting it under high pros-

parent that even the so-called high-altitude sure and temperaturermdaddingmetallicatoms

brushes would not operate at the extreme low substitutionally to the lattice to produce useful

pressures found in space where the_ is no water electrical conductivity. The resulting material

vapor or oxygen. Table I shows a comparison was a firm solid with good lubricity and excel-

of ordinary graphite and graphite with the lent electrical conductivity. The material may

high-altitude additives operated at atmospheric be cut or ground to any desired shape using

pressure and at a common orbital altitude of standar_t techniques.

500 000 feet. )it is patently clear from this corn- The material was evaluated as an electrical

parison that the high wear-rates and subsequent brush under cor_ditions similar to the other tests

short wear life of graphite type brushes under described previoasly. The brushes have run for
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SLIDING ELECTI{ICAL CONTACTS 97

TABLFI.--Comparison of Gr(q,hite and Graph/ With Additives

Material Pressure, mm Hg Duration, Wear Rate,
HouI_ Inches/hour

Graphite ............................ 760 (se,_ level) ............................ 1X i0 -_
Graphite ........................... 225 (30 000 ft) ................ 6 1X 10 -I
Graphite plus halide additive ......... 225 (30 000 ft) ................ 112 4)¢ I0 -s
Graphite plus MoS_ pockets .......... 225 (30 000 ft) .......................... 3 X I0 -_
Graphite ........................... 1X 10-6 (500 000 ft) ........... 0. 5 I. 2
Graphite plus halide additives ........ 1X I0 -_ (500 000 ft) ........... I. 5 3.5X 10-_
Graphite plus MoSs pockets .......... 1X 10-6 (500 000 ft) ........... 16 2X 10-2

A lubricating film on the commutator would be essential.
The lubricating film would have to be solid and inorganic, and adhere tenaciously but not interfere with

proper electrical contact.
The brush material would have to be solid, inorganic, nonabl _sive, durable, and a good electrical conductor.

periods up to 70_) hours with a bruslt-wear rate conditions. We do not have appreciable ex-
of one millioi)th of an inch per hour of opera- perieuce in mass production or in volume pro-
tion. These results are not only a significant curement of raw materials. Nevertheless, a
improvement over the performance of any other fairly accurate estimate of both factors can be

material operaing at reduced pressure but ac- made from our experience. Production would
tually indicate a lower wear rate than graphite not be a particularly troublesome process. Our
brushes operating at atmospheric pressure, lal)oratory procedures could rea<tily be adapted
Several other materials of similar structure and to volume production. The cost of the brushes

of a general family have been produced by the would be somewhat dependent on the quantity
same techniques and operated as electrical produced but is estimated to be about $1.25 per
brushes ht vacuum with equally good results, brush.
More complete and more detailed information

on tlm general development of these materials MINIATURESLIPRINGS
and the specific techniques of producing them The miniature slip rings present an entirely
is available from the several reports which have different set of problems in the area of sliding
been written and which are listed in the electrical contacts. With the brushes, we were

appendix, concerned with transfer of electrical power from
There are, a number of factors to be considered a stationary frame to an armature rotating at

in the possible commercial or industrial appli- high speed. With the miniature slip rings_ we
cations for the brush materials. It is obvious, are interested in transferring small electrical
that for any motor operational environment in- signals from a stationary frame to a slip ring

volving reduced pressure or a sealed condition whioh is not rotating at all, but simply oscillat-
or a corrosive atmosphere, these brushes would ing about one point, moving through less than
be ideal. Many ordinary consumer products one degree of arc. The situation is further corn-

such as food mixers, washing machines, garbage plieated by the extremely small size of the slip
disposals, automobile generator._, power to._ls, -;ng assemblies. This can best be illustrated by
and other items utilize brush type motors, and looking at figure 1. The rings are of 1A-in.
hence offer a wide range of possible applications, diameter, and the rotor is 21A-in. long. The

The second and the third ite,,_ follow logi- brushes are seven-thousands of an inch in di-

cally_ and these are the relative difficulty of pro- ameter and 1/_in. long. In a device the diameter
ducing the materials and their cost. We have of a cigarette, and only h,qlf as long, there are
produced the brush materials only in research eighty complete and separate electrical circuits.

quantities, small lots under carefully controlled The materials utilized were a filled plastic for
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m

m

Attachment Flange

Rotor

li I I I I ,_

Stator

PY//////,
FIGURE 1.--Miniature slip ring.

the rotor body and the brush block, 24-kt gold duced by external mechanical vibrations and

for the rings, and a commercial gold alloy for stray electrical and magnetic fields was masking
the brushes, the intrinsic noise cf the contacting materials

The problem was to transmit the electrical Special techniques had to be developed to per-
information required by ti_e guidance system mit accurate simulation of the operation of the
without producing more than a few millionths slip rings without contributing electrical inter-
of a volt extraneous electrical noise at the con- ference. The first system developed effectively

tracting surfaces and to maintain this condition used .t vibrating column of gas to provide the
for the duration of the guidance system opera- oscillations and showed improvement but was
tion. The difficulty lay in measuring the ex- still causing a disturbance. The methods finally
tremelysmall quantities involved and determin- utilized allowed the rings to oscillate freely
ing just what was occuring on a microscopic after an initial deflection with a restoring force

scale at the contacting surfa.es, without causing supplied by a small torsion rod. This system

a disturbance greater than the process being produced an intrinsic noise level cf only 1

measured with the measuring apparatus, millionth volt.

Techniques were developed which would per- Initial testing indicated that noise,, as would

mit the measurement of the small quantities in- be expected, was dependent on tlm frequency

volved, and it was learned immediately that, in and amplitude of the oscillations. It was al_o

normal test proce.'tures, electrical noise pro- evident that they exhibited a threshold effect:
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being linearly dependent on tile amplitude of CONCLUa,I,GREMA_S

the oscillations up to about 0.4-degree ampli- In summary, the materials presently being
rude, with a higher, but constant noise level for used are int_'insically c,-pable of sustained low

amplitudes greater than 0.4 degree. An in- noise) operation. Further informatiou is avail-
vestigation of this apparent anomaly revealed able from the IIT technical report which is
that there was no sliding contact [etween the listed in the bibliography.
brush and the ring up to the transition point of The techniques developed to allow the deter-
about 0.4 degree, but only rolling contact. This mination of the fund,mental electrical proper-
was possible because the small diameter brushes ties cf these materials c:)uld be useful in an)
could deflcct or bend a small amount and still applicatioa where the basic behavior of two
maintain contact with the ring surface, electrically contacting surfaces are required.

This further complicated the problem, be- The equipment used is standard, and the tech-

cause with no sliding action the ',we cont_,ct niques are neither involved nor tedious. Appli-
materials would tend to mutually diffuse; then cation of the slip ring assemblies would be lira-
when a large excursion would be required, a per- ited, but. where the precise measurement of ex-

tion of one of the materials might be torn loose tremely low noise levels is required for rotating
and present a roughened surface to subsequent or o_illating bodies, these rings are ideal.
operation. This problem was effectively elim- Cost will depend to some exten*_ on the numl)er

inated by flash coating the soft 24-kt. gold rings of circuit.s required. An 80 circuit ring cost,_
with a hard gold overlay, about $2000.

An il_vestigation was made on the influenc_

of gases exuding from the plastic and being de- REFtRENCES
posited on the rings or brushes to cause electrical 1. nORTON,Z. C.: Electrical Contacts in Vacuum (A)
noise. It was determined that deposition of con- Brushes--Status Report No. 1, MSFC TP-S&M-
taminants on the contacting surface was un- 61-!9, October 1961.

likely in the expected operating temperature 2. HORTON,J. C. : Electri:,4 Ctntaets in Vacuum (A)
Brushes--Status Rep(,,'t No. 2, MTP-P&VE-M-

range. Possible contami,tation from the syn- 62-17, December 1962.
thetic lubricant used on the rotor support bear- 3. ULRIC_L D. R., and KINe, n. M. : The Kinetics of

ings by liquid creep or vapor phase movement the Sintering of Hot Pressed Molybdenum Disul-
was investigated by deliberately introducing fide and Molybdenum Disulfide--Silver Composi-
the oil onto the ring surfaces. No adverse tions and the Effect on the Electrical Condtmtion

Process, NASA TM X 53111, August 1964.
effects were noted, and noise levels were reduced 4. IIT RES_/RCtt INSTITUTE: Investigation of Slip

and remained low for several hundred hours of Ring Assemblies, Final Report, Cont_a,=t No.
operation. NA88--5251, IITRI Project E-6000.

i
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1 l. Dry Film Lubricants
./

J. E. KINGSBURY AND E. C. I_,_[CKANNAN

George C. llarshall Space Flight Center, N.-f,q |

Tilt' .'e,lJ;Ice Age II:l. _ llt_t'essitatetl act't'h'_tled dt'vt'l_,l,lllt'lll tite lllHlly terhll,d4,_ies v£hi{'tl

}IHV{' tlirl,{'l alq,lit-alion to t'olnnlt'l't-iill, t,-irlhb{;llild hardwan.. ()lit. Strikih_ t'X:hlll_]_" iN

dry lihn hll,rirati.n. The .-.lilllllhl.< for lilt. dt.velol,lllelzt ,,f dry [ihll hll,ri,':llll-': W:I'_ l,l'tt-

vialed by lilt, UllSatisfactory COl;dilioll crealed Wilt.It t'ollllllert'i:l] liquicl hlltrirAllls were

eXlltrst'd t,p lilt' Illllllil,h" t,nviro,,,_ .f SlnlVe. ]II tilt" ._t.il_'{'h for a sati<favh,ry s,,hlli,,l| to

lllbric:ili,,n ill ._l_l{'t,. ,lry fillns wt're illvt,stignltql. Tilt" tit- 3" tihll h!brlril_i,,.t t¢;ll'.'*.II hils

proven nmst th.si-alfle f-r Slmee. :llld :t llatllrili f:tllolll is lilt- l,t.telltial .-:hox':,. I.v stl,-h

tihll.,_ for t'ollSllllior itt'in lllqflicatioll. _)ll tilt. ,'it't't,ltl:lllvt, Ih:ll Ill,. ('{M'[l_ioit'lll t,f i'rit-ti4Jll

of dry lilin.,: i._ llot tqlllivilh,nt fo lhat of a liquid Iul,ricant ililtlt,r ideal v,,llditit,llS. ,hi_.:

paper di.-:ru.'_st..,: how lilt' ideal t-onditi-ll for liqtlid l:lltricatioll is rarely at'hieved ill pr;l,'-

tical :tiqdiralions. (',_lllI,_lrisoll.,: are llllldt. I;etwet,ll lilt* i;('rfol'Iltiitlt-t • ,;f (!ry film lllllI lhlllid

lllhricalll.-: a.-t a fllilt'liOll of It,mlM.r:ltllrt.. tqivirollltlt,illill pres._ure. :tl!d lift*, l"llllh'l'lliO!'_'.

t'ollsideratioll is given to the comi_:irat.ive (-o.'q.._ of liqtlid vt.rstl.: dry filnl lubriva:lts t,,

show lilt. i;rartit.;llity Ill!{1 de.'_irability of dry lihli hll,ricalion to Coll.'_lllller ill.ins. AI-

tholi._h lit, tl;ll;I oil tilt' l.,eforlnant-e .f t'oll,qllller itolll'_ lulwi('ated wdh dry fihlt- ;ll-O l,re-

._ented. tilt. rO:nl_arisons t.learly ,.stal,lish ti'a, lu,h'ntiai of dry fihn lubricahts in :i

rttllll_q it ire t't_ll.'411lllt'F lllHrket.

('enturies ngo tna,l inv(mted tile wheel. Nol enrate and ._uitable for showmff why _,Irh a

long thereafter lie ]e;trneti tltai aninlal fat wa._ roneel)t is not alq)li('able for ._pare. In Slmee

of great benefit ill lul)ri(.athl_ his wheel. Ihm- there will be no air (or any other g'a._) layer.

dred: of millions of dolhll'S h;ive I,eell _llent Furt]iernlore, nil n;trural all(l svnlhetir orff;mi_'

sin('e tl,,,n in ]lrel):lrht _ I_etter lnbrirants. With lul)riranls evallorate at the envir(mlnenlal pre._-

the advent of lhe ._l,:tr(, a_e, we folmd ourselxes sure of space in adtlilion to being seriously (It,-

in a 1)ositio,_ ('Omlmral)le to thai of our ('ave- graded by other ('onll)onellts of th, • ._l,atial ,,n-

man forefathers wilo invented the wheel: that viromnents, surh as indigenous radiation and

is, alth(m#_ wt kllew alto,it the l_eltefitsderived tenq)eratttre. !.huffed efforts ha(I been ex-

from ]ttl_ri,'aiio,i, Oil" lnost refined e:u'lhi_(n_n(l pcnded prior to the luid-19.1{rs toward ilevelop-

lubri('ants are ].;iow]t |o be i:wffe('tive ill .-p:l,'t'. ing sol_d ]t,l)rirants: that is, lull'it:rots whirh

To review our kn(iwledge ()f lulwirali(m as it iu dry fortu are eii'e_'tive in re(hwing fri('lion

applies to nru'i_irery used (m earth, it is kl_()wl_ in movin/._ 1)arts. Tl:e efforts were limited: be-

that ;to in.tiler what l)resstn'e is exerted on r()m- oattse lhere was no 1)ressing need f(,r sttch Imt-

ponents rO(ll_ired to funrliol_ I,v m,ven_en/, we terial:" and early work in(licate<l that the

cannot, eliminate a finite ]%'erof air. In ad(li- ,'oeflirietd of frirtion .'tttaine(1 with (h'y filn_

tion to tile air layer, if we intr,_.,.lure a m;itt'l'ia] ]u; ,:,ra.tts wa.'_ tit least an order of nrt_nilude

suvh :Is oil, we l)rovide a surfare eondili(m hi_her than will, ronventiol_:t] liquid hlhri-

which will aid il) reducing the ten(lenvy of tile cants. The theory of ]iqui(l lnbri('an_s, that is.

COlttl)oqents to gall. The Iht, ory of liquid hlbri- oils and greases, is well lln(iersto, (I ; ]tow0ver,

cation is lliltC}l tltore ('onq)lex than ihi._ very il! tho mill-19.1{l's the theory of dry fihn lubrh'a-

simple exp]allaiion, lm! the exl_htlvdiOl_ is :tt'- |ion was unth, I.'stood only Io I]le ex, elli of know-
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ing that it w'ls different from liquid tween tile components being lubricated. Ex-
lubrication. "_ml)les of ..i,,,..i. Is which possess the desired

Three allernatives were available as solutions i:rol)erties for dry film lubric'ults include most
to the problem of lubric',tion in space. First, refractory metal sulfides, the mo,t -,--triplyknown

by providing the necessary radiation shielding beiu¢ molybdenum disulfide. By selectively
of liquid lubricant reservoirs required for ]ubrio com!)ounding the refractory metal sulfides with
cant repler-ishillg., unpressurized components other m_,.terials which complement the inherent
could be lubricated. Second, by sealing all corn- capability ,_f these sulfides, it has been denmn-
ponents to permit air pressurization, liquid strated thai; low coethcients of friction can be
lubrication techniques could be employed. achiev,,d even raider high bearing pressures.

Third, the de_-elopment of the dry film lubrica- Note that the dry film lubricants referred to
lion theory could be undertaken which would in this paper do not include materials such
l)ermit optimize:t materials to be synthesized as graphite, which has lubricating properties
a:_c!:T film lubricants. The penalties of we_ghi, that are dependent on tl-e earth'._ ,_tr.:ospl,ere,
cost and complexiiy ip_voh-ed in using iiquid but. iubricants whic_i haxe resuhed from a

iubricants were unacceptable _c.r long-range planned program directed at. implementing the
space flight l)hms; therefore, these approaches basic theory previously outlined. These films
were di_arded in favor of developing dry film function independently of any surrounding
lubrica¢ion techniques and materials. The ur envic._nment.
gency of tile prob!cm "::as s'ach tha_, initial Fig'ure 1 shows a comparison of the typical
designs for space vehicles included the cumber- torque required to overcome friction using a
some technique of liquid lubrication at a sign:f- typical synthetic, or natural ]iquid lubricant
ic_nt penalty. Because of the significant as well as the lorque required to overcome fric-
success in developing dry film lubricants, old tion with a selected dry film lubricant under
designs are being re,'ised to include dry iiim similar bearing conditions at 1-atmosphere
lubricants, and all new designs are employing pressure. The torque using the liquid lubricant
dry film lubrication techniques, is approximately 20 percent of that of the dry

fihn. The additional power required io over-DISCUSSION
come the friction of componeats lubricated with

It mustberecognizedthat dry film lubricants, dry film, as oppos_-d to liquids, is generally
after approximately five years of development measured iu terms of small fractions of 1-horse-
time, have not surpassed liquid lubricants in powe:. Liquid lubrication systems are de-

all areas of application. However_ we have signed for a nominal operating temperature
heen succ_sful in deriving a theory which ex- range, '-.',ndol)eration beyond the limit3 of that
plains how and why dry fihn lubrication works. range results in gross int,fficiency of the lubri-
Although our theory is directed toward lubri- cant. Dry film lubricants, on the other hand.
cation in a vacuum environment, it is equally

appropriate to the environment on earth; the ] ( /'_"°"
major difference is the presence of a gas (air) _ //
layer hi the lubrication system when applied _ J ! _/

/

to th,_ earth environment. Basically, solid or } j _ / _
dry iilm. lubricants capitalize on the inherent i / _ _'""
mechamcal capability of certain materials to _

\\x /readjust their lattice structureswhen subjectexl 4 _ _'

to shear force, that is, materials which can read- t _'"-- --- "¢/
just to a shear environment without flaking. "_ "_'_1Materials which flake are undesirable because .......................

the flaking may cause particle concentrations '-"-
which contributeiocreatingdirectcompressive FmuRr, 1.--Bearing-drag tar_ue c'a,wvsd by

• forces, thus increasing the pressure exerted be- lubricant.
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are essentially insensitive to temperature; there- mo';t extreme pressure conditions known to
fore, in selected applications where significant exist in deep space. There is no evidence to
temperature cycling may be antic:pared, dry indicate that the dry film lubricants are affected

film lubricants beconie superior to liquid lu- by the electromagnetic radiation known to be
bricants. It isesl)ecially interesting to notethat present in space. One important fact is the
the coefficient of stat ic friction, that is, tlle force cleanliness _sociated with dry film lubrication.
necessary to init late movement of a component, It. is well establ;'-hed that liquid lubricants have
is often greater in liquid lubricants than in dry an affinity for attracting contamination. Sit-

fihns siml)ly because, at starting, tlle liquid lu- uations are often experienced where dirt and
bricant teml)erature may be significantly outside sludge were collected because of overlubrica-
of the operating temperature range. This is tion. This condition does not exist with dry
esl)ecially true for applications where the tern- film lubrication. The cleanliness consideration
peralure of the components to be lubricated is in lubrication nlav not be important m all ap-

govetaled by atmospheric conditions. I)ry fihn plications for consumer items, but in some it is,
lubricants can function effectively for years, for example, food preceding machinery. All
!mr liquid lul)ricants can rarely go unreplen- too often, no consideration is given to the effects
ished for more than a few months. If we ex- of dirt clinging to lubricants. The great ma-

tnq)olate these data to a period, for example, jority of bearing failures are caused l)y con-
after six months of operation, the torque re- tamination of the lubricant. Rarely does an
quired for the liquid lubricant, if it has not been automobile wheel bearing faii because of lack
replenished, would become essentially that re- of lubricant, but the failure is attributed to
quired to overcome the friction between the scoring of a bearing ball by a foreign particle

basic component materials: the liquid lubricant entr,q)pod in the bearing lubricant. This is
would ha_'e been either destroyed by heat. or not. to say that the lubricant was not at fault
sufficiently contaminated to reduce its efficiency in the failure but rather that the lubricant may
to essentially zero. If we increase the severity have held the foreign object captive because of
of the temperature environment (i.e., we create its phys, "-1 properties. By using dry film, the

a cyclic temperature profile ranging between lubricatect component could be sealed perma-
0 ° F and 250° F), a marked increase in tile nently and thus preclude the occurrence of

torque is observed using the same liquid lu- contanfination. In summary, dry film lubri-
brieants characterized ill this figure; the cocf- cants exhibit higher friction coefficients at
ficient of friction of the dry film lubricant is normal selected operating temperature ranges
easentially unaffected. This situation makes and pressure conditions than do commercial
the dry fihn lubricant, much more attractive for liquid lubricants, but the dry film lubricants are

applications where cyclic temperatures are virtually insensitive to parameters such as ele-
anticipated, since it is impractical to consider rated and reduced temperatures and reduced
using more than one liquid lubricant in a single pressures, parameters which significantly de-
component to account for temperature varia- grade the operating characteristics of liquid

tions. As noted earlier, the primary rnotivat- lubricants. Dry film lubricants can be designed
lug force for developing dry film hlbr'cants to function efficiently for periods of years with-

was to overcome the deficiency of liquid lu- out replacement; while liquid lubricants under

bricants when exposed to reduced pressures, themost optimum conditions require replenish-
Dry film lubricants are essentially unaffected ing: at maximum periods of a few months.

by pressures as low as 10-'° millimeter of mer- It is not sug,_..sted that dry fihn lubricants are

cucy (an altitude equivalent to approximately a panacea for all lubrication problems. On the

400 miles) as demonstrated by test results. The contrary, development has not progressed
physical characteristics of the constituents used enough to provide a dry film lubricant for

in tile dry fihn lubricants g)ve, ttu reason to ,,,,,, _m,,,,._tmns. there is no _vmeac_ to

indicate that the._e films will be affected by the show that dry film lubricants could not be used,
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for example, in automobile engines, although increase is in the order of a fraction of 1 p'_rc_nr,
there exists no data upon which to base selec- of the total market price of the item.
tieD of a dry film for this application. Simi- Reports on the development of dry film lu-
lady, dry film lubricants appear attractive for bricants are listed in the biblio_.,raphy. These
application in machine tools, household appli- reports are available through the Redstone
•_.lces, hand tools, food and textile machinery, Scientific Information Center or the MSFC
hl_vy machinery, and a host of other applica- Technology Utilization Office.
Lions. It is not the purpose of NASA or MSFC
to evaluate dry films for these applications, but CONCtUOINGREMA_S
rather to suggest the potential of dry film Our work to date indicates a great potential

and urge. investigation of it for particular for dry film lubricants in consumer items. It
products, is believed that such investigations by indi-

A final factor in dry film lubricant applica- vidual manufacturers will result in application
tion, which may be of some casual interest, is of dry film lubricants to items which will be
that of cost. The cost of dry film lubrication, available for personal lives in the near future.
once designed into a component, is of minor
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12. Insulation Materials ..,

R. E. SHANNON _.

George C. ]larshall Space Flight Center, NASA

Tllree ins llation materials whi(.h have been dewqol)ed by the (hqwge C. Marshall

Spm._, Flight Center are discussed in SOlll_, detail. The lirst of these is a material which

might fill(l (.o,nmercial api,'ieation as an insulation for cry,genie fluid c_)ntainers or trans-

fer lines. The second is a ceramic-gold coating which might be useful :Is :m infrared re-

th_('tl)r o1" llS decorative coatings. FiNally. a ¢'er_llni¢' material is (lis¢ll::._(M which ¢.all bo

ll._ed as 11ii insulator against a tlli,rlllal -nvirolllnPllt which is primarily r;ll][,q,[_vt • but also
colHains some convective heat load.

The development -f the Saturn-ela_s launch raining cl\vogenic propellants to l)revent ex-

vehicles has 1)resented many mt@w m'lterials- cessive boiloff. Su('h insulation systems should
engineering problems. Among the most signi- ln_ve hiffh reliability, I)e light in weight, and
cam of these ha_'e been materials for thermal low in therm,_l conductance, The demands for

insulation. The insulation lwoblems faced by such insulation systems are pressing current

MSFC have covered the temperature range {ff technology. Many research and deve:_pment
-423 ° F to 18110° F. programs are currently in progress throughoqt

The two teml)eratuce extreme_ are repre- the country. The ultimate goals of such stu(lie_

sented by the requirement for materials to (i) are to provide insulation systems for l'mnch-
insulate l)rol)elhmt tanks captaining liquid vehicle short-duration flights as well as

hydrogen(atatemper_ttureof-423°F) topre - long-duration flights or missions for hmar
vent excessive boiloff, and (:29)to protect cam- exploration.

ponents in the base region of the vehicle froln For approximately the past two years, this
heat induced by radiation from t.he engine center has comhwted in-house develolmwnt on
plumes ,_nd conve_'tion from the recirculating insulation systems for hydrogen tanks typical

exha.ust gases, of those utilized in the Saturn V program as
Although several insulation materials will be well as tankage (.onfigurations al)l)rol)riate for

touched upon in this p'q)er, primary emI)hasis lang..duration missions. The program reported
will 1)o placed Ul)on discu_ion of the two cam- herein was iniliated to reduce the weighl an(I
posite materials de,-eloped by MSFC to solve ire'tease the reliability of the stages in the
the two extreme requirements stated above. Saturn V l)roffram. I")on 1)rogram initiation,
The first, of these, is a. lightweight, self.- the lightest weighl insulation system 1)rot)osed

evaem_ting, plastic-honeycomb, eomI)osite sys- for one of the stages of the Satm'n V wa.,: the

tern called I)ual Seal for external al)l)licalion to system shown in figure 1, weighing 0.82 lb/ft'-'
containers for cryogenic liquids, and lmving a thermal conductivity of 1_.7

]h u/in./hr/ft'-'/° F.

CRYOGENICINSULATION The relatively poor thern]al l)erformance of

The nation's space program is influenced to this insulation com'el)l is attributed Io a re-
a sigaaificant extent by the tu aih_bility of mill- quired helimn purge of the insul'ttion, estab-
able mate:'ial systems for insulating ta.nks con- lishing a system conductivity of al)l)roxin_ately

105
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_l" . to flow through tlle entire outer channel. The

[Jf_'o_}Zp'l;)\ F"a"' F,'m(.002") outer helium-purge channel is separated from
EpoxyPhenolic , ._ / /-- Phenolic Honeycomb

Aa,e,ive _ \ //Core (3/4"Ce") the inner portion by a low-permeability alumi-num film. In the event that both the outer and

\\ \ ' '/ / F_;ll_7_ aneF°am inner seals are punctured by a sharp object,

\\ helium under pressure will flow through the
puncture in the outer seal, preventing air from

also enter the affected cell of the inner portion
through the puneture in the inner seal. How-

[3, [3 [3 I rl I _ [3 ever, due to the individually sealed cell property
,\\_'_x\\\>,\\\'_\\\\\\\\\\\\\\\" of the inner portion, the helium will be confined

Epoxy Phenolic to the affected cell. Thus, there is no degrada-
AdS_,ive t,ion in thermal conductivity of large areas dueSawcutsfor

TankSki Helium Purge to local damage. The concept thus retains all
(a/in'× 1/16") the reliability of the helium-purged insulation

Fmuem 1.--ttellum-p_xged insulation (1.6 in.). of figure 1, yet achieves thermal performance
Weight=0.82 lb/ft_; therm<d co_ductiv;ty = close to that of a cryopumped insulation.

In selecting the materials used in this insula-
0.7 Btu/.in./hr/ft_/° F. tion concept, weight was always a primary)

consideration. Strength factors., permeability,
that of the helium gas. The helium purge is and cost were other ,'actors considered.

required on this insulation to prevent air cryo- This insulation is applied to the external sur-
pumping into the insulation (in the event of a face of the propellant tanks. It is exposed to
dar, aged outer se_d) and creating lox compati- aerodynamic forces und ascent heating during
bility problerus el additional weight penalty, the flight. This raises the temperature on the

The cryogenic in<ulation system, dual seal, outside skin to approximately 400 ° F for a short

developed by MSFC, has an approximate time period. This particular application, there-
weight of 0.4 lb/ft _ and a thermal conductivity fore, presented the problem of having a tem-
of 0.2 Btu/in./hr/ft:/° F. This represents a re- perature of -423 ° F on one surface and on an-
duction in weight of one-half and a three and other surface, 0.6 in. away a temperature of

one-half reduction in thermal conductivity. 400 ° F.
The dual seal insulation (fig. 2) consists of an

inner portion of sealed-cell mylar honeycomb y AiuminumFilm (.0015")
and an outer helium-purge channel of fiberglass- FpoxyPhenoH: / F- ModifiedEpoxyAa%efive

//
reinforced phenolic honeycomb. By s-.aled cell, _, / / _- Pe_o_)edPhe.ol)c
it. is meant that each individual cell in the Mylar \\ / [ \ HoneycombCore
honeycomb is a hermetically sealed entity. AluminumFilm \\ / / \ (3/8"Ce11)

Gases cannot permeate cell to cell. (.00a,.)--_\.r._, I _ / / I]_The operating concept of this system is based ]_1upon the self-evacuation of the sealed cells. ] [ [ L/[ I ] [ []

Thisisaccomplishedby d_ecryopumpingor -_l[-_ [llll II[ I_lllcondens_tion of the entrapped gases when the .4"

back surface of the insulation reaches --423 ° F ..__\ \, \ __'_\ _\ \ \ _, v{ \,_ \ \,, \,

hydrogen.aSthe propellant tanks are filled with liquid ___// // // L TnnkSkin

The honeycomb used in the helium-purge Mylar Film(.O02") / _._Myiorlaoneycomb
channel is perforated while being manufac- Polyurethane Adhesive _ Core (,_/_" Cell)
tured, resulting in a 1/16-in.-diameter hole in
each side of the c_ll. These holes allow helium Fmvrm 2.--Double seal insulating.
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The cryopumped sealed-cell Mylar honey- Mylar core will result if cure tempera-
comb is the part of the system which provides tures of 275 ° F or higher and pressures
the cryogenic insulation. Unfortunately, the of five pounds per square inch or more
My!_r core softens at a little over 200° F. The are used.

sealed cell Mylar core had to be protected from A Mylar film was bonded to the bottom side

aerodynamic heating. The heat-resistant phe- of the Mylar core to form the sealed cell lower
nolle-honeycomb core, or purge-channel portion, insulation. This was done to insure that a
mee,s this need. sealed cell was obtained. The clear Mylar film

For the outer skin, a readily available alu- makes a visual examination possible, insuring a
minum film was selected. This material is light- good bond. The entire inslzlation panel can then
weight, has low permeability, and has the be inspected ultrasonically by through-trans-
desired strnctur'tl properties over the range of mission techniques, to insure, a perfect subassem-
expected operating temperatures. An epoxy bly before bonding it on the tank. If a film
phenolic adhesive was used to bond the outer close-out were not used, the sealed cell would

skin to the phenolic core because of its good, have to be formed by bonding the Mylar core to
high-temperature properties and its ability to the tank wall. Any appreciable mismatch or
form effective bonds between these materials, irregularities between the Myiar core and the

An aluminum film was selected for the inner ta,ak wall would introduce sections in the insula-

_al because of its low porosity and permeabil, tion where there would be a sealed area but not

1 ity and "ts bonding characteristics. The inner a sealed-cell concept. A polyurethane adhesive
seal can be bonded either to the phenolic core, was used for bonding the close-out film to the
to the Mylar core, or to both. The latter method Mylar core due to its high strength and low
is generally employed to elminate one bonding permeability. Since this bond line was at a
operation, although the preferred method would temperature of -423 ° F, the adhesive used was
be to first bond the Mylar core to the inner seal. one developed under an MSFC contract and is

When the inner seM is bonded to the phenolic the strongest and most flexible at this tempera-
core first, a rippled surface is obtained which ture of any known adhesive for use at room-

makes it difficult to obtain a uniform, completely temperature. For the same reasons this adhe-
sealed, bond to the Mylar core. sive was also used to bond the insulation to the

A modified epoxy film adhesive was used to tank wall. This adhesive cures at room tern-
bond the Mylar core to the inner aluminum seal. perature and the insulation panels can be bond-

In this application the adhesive was required ed to the tank at anytime in the vehicle manu-
to have the following properties: facturing cycle without the use of heat.

(1) The adhesive must form an effective Each material has a particular function to

bond between the Mylar core and the perform and was selected carefully to take max-
inner seal. The bond must retain imum advantage of its best characteristics. The

usable strength properties over a composite materiM achieves the capability to do

temperature range of approximately a better job than any single material by itself.
-250 ° F to 250° F. This is the appealing benefit which can be de-

(2) The adhesive nmst .form a relatively rived from composite materials.

nonporous bond when used to join the The potential commercial applications of this

inner seal to the Mylar core. The ad- or similar concepts are not yet certain. Any
hesive, therefore_ must be low in vola- effective application would require the b :ckface

tile materials and nmst liberate a mini- temperature to be low enough to condense or

mum of gases in the curing process, cryopump the gases entrapped in the sealed cells

(3) The adhesive must not ._luire a cure to create a vacuum. It has been found that by
_emperature above 225 ° F to 250° F fabricating the seahd-c¢ll portion in a carbon

when moderate pressure is used. Tests dioxide or Fmon gas environment_ this system
have indicated that crushing of the could be utilized for insulating liquid nitrogen

795 , O-66-- 8
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or liquid oxygen cont,dners. This materi.ui has TABL_ I.--Bal_h Form,ula for Enamel Base
been _tpplied to surf,_ces with compound cur- Coat
vatures and around cryogeMc transfer lines or No. 5210 Solaramic Frit (Feno Corporation)__ 100 lb

pipes down to 11/2 in. diameter. Red Label Clay (Feno Corporation) .......... 21b
Chromium Oxide (CR2Os) ................... 1 lb

HIGH TEMPERATUREINSULATIONS Nickel Oxide ............................... 8 oz

As stated in the introduction, MSFC's insula- Lithium Metasilicate (Li20" SiO_.) ........... 12 oz

tion problems have encompasssed both extremes Bentonit_ .................................. S ozWater ..................................... 4 gal
of the temperature spectrum. Most of the hi_:h-
temperature problems have arisen in the base

region of the vehicles. The heat lot,d derives combination of a mechanical and a chemical
from two sources: radiation from ;lie en- bond. The nicl,-cl and chromic oxides used in

gine plumes and convection from the reclr- the enamel serve to improve the chemical bond-
culating exhaust ga_s. Nominally, 60 to 80 ing. This coatil'lg is sprayed onto the metal
percent of the total heat is from radiation with substrate.
the remainder resulting from convection. The The gold reflective co.-ting is applied in a
Saturn I with its cluster of eigh_ 188 000-1b manner similar to the gold decoration of fine

thrust H-1 engines creates a total heat load of china al d glassware. A solution of gold rest-
3600 Btu/ft 2. nate is sprayed cnto the porcelain surface and

Since the major component of the total heat fired in a furnace at 1300 ° F to dec_)mpese the
load results from radiation, attention was re- resinate and deposit elemental gold. Various
cused on developing a material with a high ceramic type fluxes are incorporated in the rest-
reflectance in the infrared reg:on. The first nate solution to improve the adhesion to the
such material evaluated was a ceramic-gold material being coated.

coating which had been developed for use on the After considerable experimental work, Liquid
Jupiter missile while this organization was un- Bright Gold RH (Hanovia Division of Engel-
der the cognizance of the U.S. Army Ballistic hardt Industries) w_,s selected on the basis of

Missile Agency. Although ' his materi_l was superior adhesion, reflectance, and ease of appli-
not selected for use on the Saturn _a_:fily of cation. This solution contains approximately
vehicles, for reasons which will be stated later, 11 percent (by weight) gold as received. A
it still might be of commercial interest and, very light bloom results after firing, but this

therefore, will be described briefly, can be removed easily by a light buffing with
In the Jupiter flame shield application, the magnesium oxide powder and water.

highly reflective coating was applied to a stain- Heat resistance and reflectivity tests showed
less steel substrate. The process consisted -f that this coating on a st._inless steel substrate
(1) preparation of the metal surface (degre:L_- gave a 10° F per second rate of back _urface

ing and sandblasting), (2) base coat (ceramic temperature rise in a 20 Btu/sec/ft 2 environ-
ename] fired at 1650° F for 31/_min), and (3) m_nt and 33° F per second in a 60 Btv/sec/ft "°
surface coat (liquid gold-resinate solution fired heat flux.
at 1300 ° F for 30 rain). Several comparisons were made between this

Several methods of metal-surface prepara- ceramic-gold coating and an electrodeposited
tion were investigated. The best method was gold coating. It was found that the reflectivity
found to be vapor degreasing followed by a fine- of the ceramic-gold was slightly better, the ad-
sand wet blasting. This treatment produces a hererce was better, and the heat resistance was
_atin finish surface to which the porcelain better. The electrodeposited samples failed at,
enamel bonds well. 690° F while the ceramic-gold coatings did not

The formula for the porcelai,l ename] which break down until temperatures in excess of
is next applied and fired at 1650 ° F for 31,/2 1550 ° F were reached.
min is shown in table I. The adherence be- By use of both impact and bending tests, the
tween the enamel and the metal substrate is a ceramic-gold coatihg was found to posses_ excel-
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lent adhesion to the base metal. Impact tests through the flames caused by burning of the

were conducted by u_ of a 1-inch-diameter steel insulation; (3) it had to be applied easily and
ball which struck the surface at appro._imately cured at relatively low temperatures since some
30-incl-, per pound force. Test sampls_, with- of the areas to be protected can be ilisulated
stood such impacts without appreciable _palling only after the vehicle is assembled. Oven _ur-
or cracking. In addition, pieces coated on both ing of the coiapouents assembled on the vehicle
sides were bent around a 1/2-inch-diameter man- c:.nnot be accomplished because of size and be-

drel. Microscopic cracks appeared on the sur- cause other components in the vehicle cannot
face in tension, but no change was obsem_e_ on stand exposure to the temperatures normally
the surface in compression, ass¢_iated with thermosetting materials.

Potential commercial applications of such a Based upon the above requir_,ments, effort,_
coating would be as infrared reflectors or deco- were direete,.: toward development of a low

rative coat';_gs. This coating might well be densit, y, highly reflective inorganic insulation
considered seriously as a replacement for any which would be resistant to and insulate
current applications of electrodeposited gold against a radiant heat flux of approximatcly

e,oatings. In addition to its considerably 40 Btu/fC-/sec and, at the same tJ , be resistant
higher temperature resistance and its better ad- to the shock and rib; ation of testing and launch

herence, the time required for application also operations. After considerable investigation of
is greatly reduced. I_, the case of the Jupiter muny materials, it was concluded that fibrous
missile application, the time required for coat- potassium titanate, available commercially as

ing a flame shield was reduced from the 1000 Tipersul, was the most suitable materi_,} ;or this

man-hours required for elec_rodeposition to 14 application. (Tipersul and Ludox HS aretrade
man-hours for the ceramic-gold coating, names of E. I. du Pont de Nemours and Corn-

This coating was considered for application pany, Inc., Wilmington, Delaware.)

in the Saturn family of launch vehicle,_ ?3ut, Tipersul was selected as the major constitu-
after much investigation, it was recognized that ent of the insulation on the basis of its low

two conditions could render the _.ramic-gold thermal conductivity, high reflectivity, low

ineffective: (1) deposition of carbop at high bulk density, and fibr-ms characteristics. Twoaltitudes which could not be burned off for lack
forms cf Tipersul were :valuated-block and

of oxygen, and (2) a large convective compo-

nent in the total heat flux. Consequently, lo_s_ fibers. The block fol m contains approxi-
ceramic-gold was eliminated as a can._lid_te ma- nmtely 10 percent of an.)ther inorganic rein-
terial. For convective heating, a heat sink or forcing fiber; whereas, tim loose, fibe- form is
insulution type material was required. Because entirely fibrous potassium titanate. Specimens

materials which act as a hea_ sink would impose prepared from the block form aisplayed less

a severe weight penalty, prime consideration drying shrinkage than specimens prepared
was given to insulation materials. Coucurrent from the loose, fiber form, and the for.m of

with the evalu,-.tiou of many proprietary corn- Tipersul had no appreciable effect on the insu-

mercial insulations, a program was initiated to lating capabilities of the coatings when exposed
develop a suitable insulation, to a radiant heat flax of '24 Btu/ft_/sec. Con-

The development of an insulation had three sequently, the bioc_ _orm was considered the
primary requirements: (1) The material had to :.,ore _atractive source of Tipersul.

be capable of providing thermal protection for Colloidal silica was selected as the binder for
structural members of the vehicl_ (maximum Tipersul because it provided the finished in._ub,.-

allowable temperature for these structural tion with both structura] stability and water

members was 500° F); (2) it had to be non- resistance when cured at te,.uperatures as low

burning since, for a portion _f the vehicle fight as 180° F. For this program, Ludox HS, a
time, col,vective cooling of tl:c base will result colloidal silica sol containing ._0 percent silica

if the air scooped into the ba_,_ is not p_s;ed was used as the binder.

1966008417-120



110 sY_trosxu'tx oN TECtINOLOGY STATUS AND TRENDS

To provide additional strength and minimize strate. A bank of infrared heat lamps was
drying shrinkage, asbestos fibers were. incor- used as the ileal source for this program. A
porated into the insulation. After investiga- typical drying curve and the related moisture
ting the effects of the asbestos fibers on both the content for a 1/_-inch-thick coating is shown in

strength and insulating ability of tile coating, figure 3.
it was determined that a 10-percent addition M-31 ;s an anisotropic m_,terial. Two
was optimum, factors contribute to its ani_otropy : (1) its hard

Tile asbestos fibers and Tipersul block were exterior and its soft interior c:msed by migTa-
• bhnded into a uniform mix with a Patterson glen of tim silica during drying, and (2) partial

Foundary Thoroblender that was equipped ,)rientation of both the ,_bestos and potassium
with a disintegtatol'. The resultant mix aad titanate fibers cau._d by troweling during ap-
col!oidal silica were combined in a kitchen aid plication. Tile density gTadient through a 14-

inch thickness is shown in .figure 4. Themixer. .'-;uflicient colloidal silica was added to

give a matrix with a trowelable consistency, thermal conductivity of M-31 was determined
The final composition, designated as M:-31 in the two primary directions, that. is, both
thermal insulation, is listed in table II. normal aad parallel to its plane of application.

Figure 5 illustrates the result of these deter-

TABLE II.--Batct,. C,ow_position of 11[-31 Thee- minations. Ii shows that- the tlwrmM conduc-
ma_ I_sula.tion tivity with the heat flowing in the directmn

parallel to the plane of application is essentially
J constant, at. 1.7 Btu/ft_/hr/°F/in. in the tem--j Material Parts by
": weight perature range of 100° F to 1500° _' With the
I heat flowing in the direction normal to the placeI
] Tipersul block ................... 90 _ of application, the tile'.-mal conductivity is 0.85
i Asbestoslibels .................. 10 Btu/ft"/hr/°F/in at 100°F and increases to 1.3

[ Ludox HS ...................... 420 i Btu/ft-_/hr/°F/in at 730° F.
i To illustrate tim effectiveness of M-31 in a

radiant heating environmen h a 0.0i0-in. thick
._ To utilize the capabilities of M-31 as a sheet steel blank and 0.3:?0-in. thick coating of

thermal insul,,tion for metal subst.rates, it was M-31 were exposed to a radiant beat flux of 24
necessary to develop techniques by which a Btu/ft?-/sec. Tile results of ,'his test. are illus-
continuous coating of tile material could be trated in iigure 6 which shows that the ba_k-
bonded to the substrates. A recent report by face temperature, rise for the first eight seconds
Skalrew, Hanch, and Levy (ref. 1) indicated of the test w,'m abort 1° F for the M-31 com-

that an expanded metal reinforcement im- pared to 44)0° F for the sheet steel blank. It
proved the structural stahility of a ceramic in-

sulating layer. It provided an excellent ,..., . . . , . . . , . . , , . ..
mechanical interlock because its sidLz are not

vertical but are set on an angle. For M--31 ap- _oo -..
plication, a 22-gauge AISI 30"2 stainless steel _ _,,-.-wA_. co,nm ,o .

expanded metal was used for mec.h"nically .,_ .o '\" / c _,o _;

inte,'locking tile insulation to the metal sub- ; ,o _ [
strates. M-31 also has been applied success- [ tms,aAvut_ _.o •

fully to stainless steel honeycomb sandwich 8 4_

subst.rates ut.ilizir.g a crimped open-faced _ =o '\, ,oo i
honeyeomh reinforcement cote for the mechan- o ..................... ]
ical bonding mechanism. , • ",,,, I , • . , . .-l'°, I . I

I)rying M-31 applied to n,etal substmtes is o , . ,_ ,,

accoml)lished best by uniformly heat;ng the ..E..ou.
Sl)ecimens from the uncoated sides of the sub- FmURE 3.--Dryi,# mwves /or M--3I.
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also shows that tile backface temperature rise of
tile M-31 was less than 300° ]?after 180 seconds Free'm: 6.--Re._istance o/M-31 to radiant

of exposure, heating.
Because the Saturn I he_.t shield nmst afford

protection against the :,;circulating exhaust (0.038 in. by 4 in. by 6 in.) overlaid w;__nex-
_mes, an investigatiop, of the effect of con- l)anded metal. Chromel-alumel thermocouples
vective beating on M-31 was considered neces- were attached to the backface of e:,ch sample to

sary. Sample for this study were preL.,ared by measure temperature rise. An oxygen-acet.y-
applying the material to mild steel blanks lene blast burner was used as the heat source.

Table III shows the effects of convective heat-
z_ [i , , , ,,,, I , , ' I ' , , I in, ohM-31.

F The maximu,n cadiant heat flux which the

M-31 can withstand was determined by inereas-

"" TABLt:III.--E/fects of Convective Heating on"_ 2 PARALLEL TO PLANE OF APPLICATION
,, M-31

-> _f--'-oo----NORM Thick- Temperature rise, °F

I tess of Heat flux
_) ss S
_, M-31, Btu/ft_/
z in. sec 60 120 180
O AL TO PLANi OF APPLICATION
u $eC S_C 8eC

_ 0
" 0. 310 10. 5 97 251 372i I , , . I , , , I , , , I . , , I

•" e 400 eoo 12oo 16oo 0. 540 10. 5 62 88 101
0. 310 30. 4 193 505 690MEAN TEMPERATURE- °F
0. 540 45. 0 120 378 630

FI._UR_"5.--Thel_nal c,,mdu:tivity of M-31.
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]19 sY_PosruM ON TECHNOLOGY STATUS AND TRENDS

ing the heat flux until a level was reached at honeycomb structure to serve as a mechanical
which the material failed. To eliminate ac- device for bonding tile blsuiafion. The basic
cumulated heating effects, a fresh set of samples honeycomb structure including tl'_ reinforce-
was tested at each heat flux levcl. The results ment core weighs approximately 1.b pounds per
of these tests are illustrated in table IV which squm_ foot.
shows that the M-31 (½ in. thick) is an effective Since M-31 has to be mechanically interlocked

insulator in radiant heating environments of 70 to its substrate, it was necessary to devise a
Btu/ft*/sec or less. At a heat flux of 80 Btu/ means _of increasing the holding power of the
ft_/sec, the material fails rapidly. These results reinforcement core. This was achieved by

were indicated by the backface temperature rise crushing or bending over a'_proximately 45-mils
after 180 second_ of exposure and by visual ex- of the upper portion of the core walls. A h3 -
amination during and after testing, draulic press equipped with parallel platens

was used for this purpose. Fig'are 7 shows the
TAaL_ IV.--Lim/tatio'n, of M-31 in Radiant honeycomb construction before and after alter-

Heati'_ 9 Environments ation of the reinforcement, core. The effect of
crushing the core walls on the adherence of

Heat Expo- Back- M-31 was determined. Coatings, approximatelyflux, sure face
Btu/ time, temp. Remarks 0.300 in. thick, were applied to both types of the

It 2tsec see rise, honeycomb structure, both with and without theoF
__ z reinforcev,_nt core altered. All test specimens

were O-in. _lualv.s cut from large," panels so that
37 180 125 Slight discoloration w edge effects would not be a factor. A flatwiseof surface. I

tensile test was used to determine adhereI_ce.
50 180 235 Sma!! amount of i

surface fusipn on I The stresses required to separate the M-81 from
hot face. the honeycomb substrate with and without the

70 180 330 Melting of surface rehiforcement, core altered were measured to be

started at 75 see 12.5 and 0.25 lb/sq in., respectively. This showsand continued

thrt, ughout test. tha: the reinforcement core has very little hold -
80 180 750 Fusioi started at ing power unless it is modified to interlock the

60 .seg; large roll M-31 in place.

9f glass formed Evaluating brazed stainless steel honeycomb
along bottom half
of san:pica; glass construction as a substrate for M-31 included
cream co_ored subjecting the composite structure to radiant
streaked with heating. Specimens 6-in. wide and ll-in, long
blue.

•In addition to the application of M-,3I to a _i::_ " - -_

stainless plate overlaid with expanded metal, a _, _:--:_:,, • .- .,""(._. "

honeycomb sandwich substrate was investi- !_':_:

gated. The, basic honeycomb sandwich con- :. ..

struct;oh selected for this study utilized 10-roll _ , "_
face sheets aad a 1-in.-thick honeycomb core _ "_ . ._
having _-in. square cell openings and a wall ::_

• x: _ t
thickness of 2-mils. The components were ...._;_,

fabricated from a high-streng_.h stainless steel _
and joined with a silver-brazing alloy. A 190- - :_
rail thick honeycomb-reinforcement core, hav-

ing 1/_-in. square ce'i openings and a wall thick- Fmtra_. 7._Honeycomb-sandwi_.h eon_::,_,,ction

ness of 2 mils, was brazed to one face of the basic with and without open-face core cruahed.
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INSULATION MATERIALS 113

were coated with 0.300-, 0.380-, and 0.500-in. Certain other properties of engineering in-
thicknesses of M-31 (fig. _). E_ch specimen terest also were determined, including (1) bulk
was exposed to a radiant lmat itux of _ Btu/fC-/ density and water absorption, (2) water effect, _
sec for 180 seconds. The resolts are given in (3) thermal-shock re .ista3ce, (4) tkermal ex-
figure9 which ill,lstratesthebackfacetemp<_ra - pansion, (5) reflectance: (6) emittance, (7)
ture rise as a function of time. - specific heat, and (8) mechanical strength. Re-

flectance and emittanace results are shown in

' figures 10 and 11.
'" _ The material also has be_n demonstrated to

_ .._._____ be e_pable of witl-.standing the sbock, vibration,.+:=_.= .'_:_._._. -. . and flexure loads associated with handling and
• " +:_ __:._ - ._- ..... launch operations. It also has excellent thermal

.- ¢_ _.= :-.-.:.:_.... --- shock resistance when water-quenched from

__._:_'_ :/ ._ -"" _ 1600 ° F and below. Full details on physical
. _:_:_- • properties and qualification tests are available

'_....... in reference 2.
, _, M-31 is a lightweight insulation that is capa-

ble of protecting the base region of (he Saturn
"": vehicle against heating from the engine exhaust

.... •_ and, .at the same time, resists the shock and vi-

Fmvms 8._Honeyeomb-sand/wieh construction bration of launch operations. The final compo-
with M-31 insulation applied, sition contains fibrous potassium titanate to act

f . ,,

, * - w ! t I z I t ! J ] w i a | ! t w i

r I , _ I ' ' I , w ] tO0
400 -' -- .

----- 0.300 INCH THICKNESS OF M-,SI /

0.380 INCH THICKNESS ,OF M-31 / _ RO

....... 0.500 INCH IHICKNESS OF M-31 / _ 60
I

i Z 40
so" 300 / .

, i

J | | | | | | | ' t/'/= 1
_ • t | • | | ,

0.3 0.6 1.0 1.4 l 2.2

//-- Q = 24 BTU/FT 2 SEC WAVELENGTH- MICRONS
" 200
&.

- Fm_Rm lO.--Absolute spectral reflectance o/kl"

,/ M--31.

! ..."/"
/ .,.."

/ .'" I ' ' ' I ' ' " 1% ' ' I '' ' T I ' '
_d_ / +""""" 1.0

// ..../ .100
io / J ..."

l/l_.,... "_" 0.8

0.6
+j +_"

+.'' Z

__:'" _ 0.4o w
I , , I , _ I t _ I 0,2

0 60 120 180 l"
TIME - SECONDS o

I , , , I t , , I , , , I , , , I ,

Fmmm 9.--E_eet o/coatbng thickness on per- 0 400 ROO 1200 1600SURFACETEMPERATURE- *F

fo_'mance of M-31 applied to ,_talnless steel
honeycomb. Fm_ 11.--Total normal emittanee o/M-31.
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114 _ SYMPOSIUM ON TECHNOLOGY STATUS AND TRENDS

as an insulator and to previde the .requisite portents. The resulting composite m_tterials
reflectance asbestos fibers to provide structural po_.ess properties and capabilities which are
stability and additional insulation and colloidal greatly different from those of the components
silica to serve as a binder. The resultant coat- which are incorporate:'l. Tt_is characteristic of
ing does not. have to be cured at high tempera- composite materials is wltat makes them so
tures; drying at a maximum temperature of attractive for the solution of many problems.
180° F imparts structurai stability to the me- It. is believed that the most promising com-
terial and provides excellent water resistance, merical application of the sealed cell or the
Further details may be found in reference 8. Dual Seal concept would be as insulation for

The new coating has t dense exterior that is cryogenic liquid containers or cryogenic fluid
hard enough lo resist ablation by the high veloc- transfer lines. The ceramic-gold coating is a
ity exhaust gases and a lightweight interior good infrared reflector and also offers advan-
that is an excellent thermal i,_sulator. The tages over electrodeposited gold coatings for
thermal conductivity of the material in the di- decorative applications. The M--3! material
rection normal to its plane of application is is an excellent, insulator for appF.cations where

'- between 0.85 and 1._,Btu/ft_/hr/°F/in. in the the heat load is made up of both radiative and
100° F to 730° F temperature range. It has convective components.
excellent thermal shock resistance when water- The potenti:d commercial applications of the
quenched from 1600° F and below, three insulation systems discussed are bel;eved

The greatest, potential commercial use for to be attractive. But just as MSFC has had
this new coating is a: ,m insulator for radiant to adapt commercial materials to uses for which
beating environments. Coatings (1/_in. thick) they were not intended ori_nally, industry will
will witilstar, d radiant heat fluxes up to 70 have to apply some ingenuity in finding the
Btu/ft_/sec for short durations. Although it commercial usages of the three materials so
is most effecti've in radiant heating environ- developed.
meats, it will also afford some protection
against convective heat. A 0.310-in. thickneas REF_REUCES
of the material was not affected when exposed 1. 8KALEEW,S.;HAUCH,C.A.;andLEVY,A.V.:Devel-
to a convective heat flux of 10.5 Btu/ft_/sec opment and Evaluation of Insulating Type

Ceramic Coatings, Part I, WADC TR 57-5777,
for three minutes. August1957.

•2. SErrZINO_.R.V.F. : Further Development and Eval-CONCLUDINGREMARKS
uation of M--31 Insulation for Radiant

Each of the three materials discussed was Heating Environments.NASATMX-53267,1965.
developed by MSFC to solve a particular insu- 3. MIDDLETON, R. L. ; and _TUCKEY,J.._,[. ; ET AL.: De-

lation problem for ,vhieh there was no existing velopmentcq a Lightweight ExternalInsulation
solution. In each case, commercially available Systemfor LiquidHydrogenStagesof the Saturn
materials were combined into a composite sys- _' Vehicle, Proceedings of the 1964 CryogenicEngineering Conference, University of Pennsyl-

tern in such a manner as to take advantage of vania, kugust18-21,1964.
particula, characleristics of each of the corn-
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13. New Polymers for t|igh Temperature Applications

ROBERT E. BURKS,

Southern Research Institute, Birmingham, Alabama

JAMES D. BYRD, AND JAMES E. CURRY

George C. Marshall Space Flight Center, NASA

The tenq)erature extremes asso(.iated with tile Saillrll-chtss launch vehicles have

created demands for new plastics and synthetic rubbers. Efforts are being made to pro-
vide for malerials _ls,fl_le in the.,_, envir(mments tln,mgh several different appr(,aches.

Polymers containing _Hi('(m-nitrogen bonds whi('h show i)romise of satisfyihg .,_me
of these r(_lnirements have been studied. The chemistry of simI)le _ilicon-nitr'.,gen com-
pounds ahd their polymer-forming real'lions is described. Data are presented w1 ich sllb-

stantiate th.'tt certain silazane polymers are characterized by higl, _,hermal st_ddlity.
Different modilieations of these nmterials appear promising as eoating's ,qnd its high-
temlverature rubbe=s.

Efforts tu broaden lhis program by investigating other i_olymer-forming reactions
of simple silaz:u_es are dt,._'ribed. _ne recent develolmlent ill this area that aplsears
partic_flarly pr(,mising has led to the development of ordered i)henylethersih_xane copoly-
mer: whiuh "lr_, ex('elltionally stable aT high temperatures. Tl'ese nrlt_rial:_ n,ay even-
tnally be llseftll in nlally ihdu.,4rial al)l)licatioI_s when resistance to high "_',ml)eratures is
a requirement.

Polymeric materials, mainly in the form of m_tterials is emphasized by the national elm-
synthetic rulll_ers, adhesives, :u_d plastics, are (.ern thnt developed during the final stn_es of
used throughout the S;)turu l::(,nch vehicle in a Astronnut John Glenn's orbital flight, uhen a
variety of al)l)li(.ations. Tl,e complex piping false _elemetr_ signal indicated th_,t the heat

ass(×'iated wi(h )he engine system contains sifield of his spa('eeraft had loos'oned l)rema -
myriads of ._eals, gaskets, ©-rings, diaphragnls, turely: fortunately, the fault was in the telem-
and _hnilar eoml)onents. ()rganic re:dns or etry system al)d not .the heat shield.

plastics reinforced with glass fibers or fal)ries If a rationnl sul,,liv;::i,)ll of th(_ polymeric
offer qit,'a('_ive structural advantages in runny materials prol)lem is possible, one might a,'-
casts. There nrt. instances where a(lbe,_ive l)ilrarily divide it into cryogenic and high t.,m-
bon(lin,_ ix i)reh,rred over more conventionnl l)eratule areas, ns they al)l)ly to the George ('.
methods ot' .ioini_7 l,nrts, l'lastic foams are Marshall Sl)a('e Flight ('enter (MSFC). Ira-
used for insulation nnd structural rigidization. 1)roved l)olymers air needed urgently and are

Plastics have achieved one milestone in the _mro- being" _()ug]l_ f,,r a variety of fl.ncti,m_ at eryo-
space tiehl tlmt i)rol)ably could not have l)eei: genie teml)e,'.,tures down to the teml)er_tm'c of
attained I)y any other tylw of :nnterial. 'lhe liquid hy(lr,,/ea, -423 ° V. ()ther efforts _re
use of l_Cymer-l)ased <'o::mosite malerinls as in progress to tlevel,) I, polymers lha_ will l)e
heat shields for the l)rote_'tion of structures usef_d as a(lhesi_'es, structural plastics, lamimd-
reentering the earth's atmosl)here from Sl)aee is ing resins, at ele.vated teml)erntures. It is this

l)ast history. Perhnl)S the importance of these aspect of the total MSF(' program that will l)_,
115
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116 SY_POSIUM ON TECHNOLOGY STATUS AND TRENDS

emphasized in this paper. Most major pro- zanes and silicones and also subtle differences,
grams now being ',arried out in this area are which both suggest that the silazanes are ma-
partnership vefitures, with MSFC specialists terials wortb, y of further study.
worki,_.,_ here on complementary phases of the The most obvious route to silicon-nitrogen

overall experimental program in coL_boration polymers is through the direct reaction of sill-
with scientisis in various m,-:ust-ial and institu- con dihalides with ammonia or amines. Pos-

tional research organizations, sible products are silicon diamines, cyclic sila-
zanes, or polysilazanes. When ammonia is +,he

SILICON-NITROGENPOLYMERSTUDIES starting material, the product is a mixture of
One major area of research eraphasis is the the latter two forms. Silicon diamine corn-

field of s;licon-nitrogen cilemistry. When a potmds are the major products when there is
program was first initiated on this subject sev- co_,siderable steric bulk on the silicon (ref. 7).

eral years ago (ref. 1 ), there was no significant The ratio of cyclization to linear polymer for-
research activity underway that was oriented mation that occurs with small substituents on
toward the development of polymers containing thc starting silicon dihalide is governed by sen-
silicon-nitrogen bonds. During the time span erai factors. Reactions involving ammonia
of our program., many other investigators, in- usually give products containing large propor-
cluding Breed and Elliott (ref. 2), Fessenden tions of cyclic trimer and tetramer:

and Fessenden (ref. 3) and Rochow and co- (1) R R
workers (refs. ,_and 5), have made reseai_zh con- \si /
tributions which indicate a growing interest in H_/ \NH

this field by the scientific oommunity. R:SiC1, NHt, R\[I / ROne of rh_ filst features of the silicon-nitro- si sI1/

gen bond of interest to the chemist is the fact R/ \N / \R
rr

that it is isoelectronic with the silicon-oxygen R a
bond, which is the backdone unit of the ver- a--_i--_--_i--R
satile silicones: HNI NJH

[-R R'-] --R I
R--_I--N--SI--R -4-LOw molecular weight polymer

J L'_ J A primary amine tends to frst form the cor-
Silicon- Silicone responding silane diamine derivative:nitrogen
polymer (2) R

I_ [ H
(polysilazane) R:SiC]: R'NH: R'_N--Si_N--R' + Low molecular

The isolectronicrelation,hip merely implies --'-'* Rl weightpolymer

R' The resultin._diaminecompound may reactfur-

thatthe-N- group would he an electronicallyther,especiP,llyunder forcingreactioncondi-

equivalentLridginggroup to theoxygen atom tions,so thatcvrlizationissometimesobserved
of the silicones,m,_,_.,estimatedstren_h.(rcf. with am;he reactant_:
6) of ,'hesilicon-nitrogenbond isonly slightly
less than that of the silicon-oxygen bord, which (3) rt\ /R'i

suggests that Sign polymers should have at- a't¢ / \NR'
tractive thermal stability. The nitrogen atom R,StCl, R'NH, | l

of the silazane lir,kage has a substituent (de_- _-. R\_i _('R
igna_ed R' above) which can be varied with / \_/ \
concun_nt variations in polymer properties, R R' R

There is also a; electron pair associated with Although a number of these cyclic and linear

the silazane nitrogen which is available for silazane compounds had been studied at the time

,'l coordination with suitable electron ac_epto,'_, this investigation began, them had been no

There are pomts of similarity betwee_ the sila- published study of the conditions required to
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NEW I-II@H-TEMPERATURE POLY'_[ERS 117'

favor the formation of polymers over other _oo_

possible products. Consequently, the reactions

normally leading to these cyclic products were %0

studied in some detail. Hexamethylcyclotri- ._ \silazane and octamet_ ,dcyclotetrasilazane were .-_

prepared readily by applying reaction (1) to __80

dimethyldichlorosilane. Thence materials were _ _
found experimentally to be more thermally

I I I I I I J
stable than a corresponding" cyclic silicone 7°550300 400 00 s00 700 s0o850
octamethylcyclotetrasiloxane. Reaction (3) Tempora_...."c
was utilized to I)rel)are a number of N-substi-
tuted cyclic silazanes, as shown below: FIOURI_ 1.--Therravgravimetric analysis of

(4) cm CH, hexaphenylcyclotrisilazane condensation pol-
"\ / ymer in a nitrogen atmosphere (rate o/tem-C6H5 Si C6H_

CHIN/ \N/Cm per_ture rise, 6° C _er minute).
CeII_NH_ \ [ I /

F-------' /sl si
cm \N / \cH_ Chemical ah_yses of tke, parent compound andi

C,H_ its high temperature condensatiou products
J
(cm),SlCJ, cm cm indicate that as the material is he_ted to

cii_ \st '/ CH_ progressively higher _emperatures, a very
\x /

cu_\N / N cm stable polymer approaching the composition
CHaN*72 \ I [ /

_-_ si s( (CGH_SiN) is formed. Figures 1 and 2 show
c_3/ \N / \ Cn, the results of thermogravimetric analysis ap-

_m plied to the polymer, azld a differential thermal

Using cyclic silazanes prepared by these two analysis over the relevant, temperature range
methods which contained different distributionu starting with the initial compound. Unfortu-
of various substituents between the silicon and nately, this solid product is very brittle and is

nit:ogen atoms, it was possible to carry out obtained as a foam unless the parent compound
comparative hydrolytic stability measurements is cured in very thin layers. The behavior of
which established that the following effects these phenyl-substituted silazanes seems to con- •
favor hydrolytic stability: firm the thermal stability one would predict

a. Attachment of phenyJ groups to silicon from bond-energy considerations.
or nitrogen atoms Some promising but complex cbemistry has

b. Replacement of hydrogen atoa% on ni- be_n brought to light during investigations of
trogen 'toms witb phenyl, methyl, or the polymeric products prepared from dihalo-
isopropyl groups silanes and organic diamihes. The react;on

c. Cyclization or elimination of amine end
groups _ "_.$b/¢

d. Si!ylation of nitrogen atoms _n cyclic .-./%-"

silazanes. _!,,,/,,(_
None of these studies suggested any effective
means of improving the yield of polymers asso- i

ciated with these cyclic productp. It was only ! "_- _--__.,__ _.._ _._ _____..______.
in,occasional instances that, enough polymer was __
formed to be recovered during subsequent lab-
oratory purification of the crude reaction _,
product. '...............

The thermal behavior of cyclic silazanes Fmum_ 2._Di]e_'entia2 thermal analysis hexa.
is exemplified by hexaphenyleyclotrisilazane, phenylcyelot_q_ilazane.
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product of dimethyldichlorosilane and ethyleve dared silazane polymers unlikely candidates for
diamine that has been investigatecl during our comme_ial success because of scattered obser-
progr_u-_also has been studied ill some det',il by valiol_s which implied that they would have

1 Ithree other groups (refs. 2, 4, and 8) : poor ,ydrolytm stability. Even if thi_ state-
(._ ',CIt,),SiCI, HzNCsH,NH, ment were true without exception, it would only

serve to jus:ify exploring silazane chemist O"
FH ,,H,7F._-¢ H x ._ / xl x -_ / /or another reason. The very trails that couM

: l" ' '--"-/ I---7-"",, /"-/--/ render silazanes, in some cases, susceptible to
I- cal..Jr / /six cm[ hydrolysis could also make them potentially re-I-CH3 CH_ J, " " *

active intermediates for the synthesis of otherRach,w and Minnd. (ref. 4) postulated a linear
polymer. Consequently, this possibility is

structu_ for the polymer and studied its co- -
ordination behavior with copper and beryllium, being studied in a parallel investig_ion. In

" their review article on silicon-nitrogen chem-
l[el_lein and Lienhard (ref. 8) in Germany istrv, Fessenden and Fessenden (ref. 3) men--
obtained some evidence for the cyclic structure.
Their work apparently has been confirmed by tioned several attractive approache.% including

" " the cleavage of silicon-nitrogen bonds by alce-Breed and eoworkers (ref. 2). All of this work

iud.icates that tile initial product is a random hols and silanols. The work 9f Pike (ref. 9)
combination of the linear and cyclic forms, suggests that these reactions would take placeat reasonable rates.
This appears to be true of the poljaner when

Breed and eoworkers (ref. 2) have studied tile
prepared by the direct dihalosilane-diamine
route or when prepared bv a catalyzed anaine- ring-opening, polymer-forming reactions of
exchal_._,e process from hexamethylcyclotrisila- cyclic silazanes with organic diols:
zane: (_

R R
(_ CH_ CH_ \ /

\ / Si
R H R H R -]

HN/ _NH
81 H._I "NIll HO--R'--OH --,-7-_i--N--Si--N-_I---O--I¢ '.-0 --._--n\l ,2 k. ,, . J.CHs Polymer (5)

CH_ { 1/ (Catalyst) Si Si

m m R/ \N / \
/ \,_/ \ ZCH_ CH_ H

H

Variations of synthetic techniques can be uti- Similar polymers have been prepared during
lized to produce a ran_,zeof materials from elas- this study which have attractive thermal
tomc_ic gums to visco, q fluids. The properties stability, as shown in figure 8.

of these polymers are not emouraging, but our Curt 3, and Byrd (ref. 10) have investigated
work has shown that the polymer prepared by the reactions of a simpler silazane, bis(anilino)-
either (5) or (6) can be cured in air at 425 ° C diphenylsilane, with stoichi,maetric quantities

to yield a spongy elastomeric solid whiei, retains of a variety of organic dlols:

its resiliency after exposure to elevated tem- m) n c,nta I-C,Hs -I
peratures that seriously embrittle the best I I I no-a--0n [.__C_Hs--N--$i--N---Cdls ) I---O=-R'--O J_--

known commercial high-temperature rubber.;, c.,t,I iiLc,L, 1.
The polymer loses a variable portion of its nitro-
gen content during this curing step, bm ap- This particular silazane was favored initially
parently the portion that remains confers this over other possibilities bec._use it was bel'wed
high temperature behavior. In its present form., that the bulky phenyl groups would render it

less prone to undergo competing reactions.the elastomer has very poor tensile strength, but
Phenylether-silicone copolymers of this type

there are ways of improving this situation, had been sought earlier by MacFarlane and
emil t,otwtts ov.wo room SitAZANtS Y'ankura (ref. 11) who obtained similar ma-

This program was initiated with the knowl- terials with promising thermal stability by other
edge that many eatrly inve.stigators had de- synthetic ai:proaches. However. the approach
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o | The thermal stability cf this polymer relative

,0 I to three others prepared from other diols is in-
z0 dicated by the TGA data ill figure 4. Molecular

weights r_nging up to 200 000 have been at-

30 tained in some p_parations, and the polymer

,, 40 is soluble in tetrahydrofuran, dimethylforma-

_"_ mide, and dimethylsulfoxide. FiL_rs can L.;
_0 "C "

_. pulled readily from a melt of this polymer, and

,o it adheres tenaciously to a wide variety of sur-

70 fazes. F rther work is in prog_ to evaluat_
the potential of this polymer on a larger scale.

s: (ref. 12).

90 Burks and coworkers (ref. I) have studied

similar polymers based upon the reactions ofI00 , I ,, I ! I J

o z_, _oo 600 hoe ,c_o phenylene-bridged silicon diols with slyIa-

TEMPERATURE°¢ 1 mines. The diols required for this study are.

^ [o-_- _-o-_r__ __ __ !. __j. not commerciMly availabh, and several aspects
Ph rh of *h_ir Drepar_.tioh _,_,e been investigated.

o -.__?c- "-q=7-o- s_- ,- s,t- .4- s_ On_ patented process (ref. 13) for the prepa-
c.3 _, _ _'hj. r_i,ion of phenylene-bridged silicon compounds

o o-©.o_©_o. ,_
PI PI Ph _J n

FIGURE 3.--Thermo.qravimetrie analysis. Ph zo
represents a phenyl group in each ca._e.

shown in reaction t8) appears to promote tim 4o c
formation of higher molecular weights.

The reaction is conducted as a melt polymeri- B

zation. Final heating of the polymer melt is 60
conducted under vacuum at 300--325 ° C to insure ._

complete removal of the byproduct aniline. The

yield of polymer has exceeded 90 wrcent in _ 80
every case so far. All polymers prepared from

aromatic diols were tough, rigid solids; some
of these did not soften appreciably at temper- _oo , , , , , '
atures up to 256° C. Polymers derived from o zo¢, 4oo 600 soo ,o_oT_MPEHATURE *C

aliphatie diols have not been investigated as

extensively. ^ -_ st_-- o_ o
The polymer prepared so far which seams to u

show the best potential balance of properties is , -_s,_,- o--fP'l--o
derived from 4,4'-dihydroxybiphenyl :

L A

o(_)
C .Hs 0 H---_ _--_ T"-'O H

C_H_N--_i_NC_Hsl _ p st_)a_ o ,_ o
C,H_

C,H, -- _ "]

/ x_--_/ _----_le,n, d polynwr._. R rel>resen.ts a phenyl group.
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is based upon tile hydrolysis of 1,4-bis(dimethyl- resiliency thap has been detected in commercial

ch!oro_ilyl) benzene, high-tenq)erature nibbero that have been sub-
_,0_ jeeted to tile same treatment.

C lh _"lla C !I_ C !!3

C|--Si _i---Cl - _ riO-- --

_H_ "'_---'/ ('!11 _i ___ _i--C' 1I APPLICATION STUDIES
cu, cm These n:_derials nmst .,;till he c.la.,_ed as

The preparation of the starting chlorine deriva- developmental and several versions of the l-oly-
tive required t)3"tiffs procedure is not eagy, and mers de_ribed earlier are under evaluation.
during this hydrolysis step shown above, it is

Several silazane-containing compositions have
difficult to avoid partial condensation of the

I)een given a preliminary screening at MSFC
product with elimination of water. & modifica-

:m coml)onents of heat-shield eonmnsite_. This
tion of the following method published recently application was suggested by the tendency of
by Merker and Scott (ref. 14) has given better silazanes to undergo high lempemture ,'onden-
results, sation reactions which appear to be endothermic
(11) CIt_ CH3 CHz

___ I____ in nature. Considerable additional study will
Br Br + H--_i--CI Mg H i i--H

I ---. -_ be required to establish their utility for this
cu, ca, CH- application.C H_ C ltz _"

I /ff----_ I mo Some of P..,esematerials have been considered

CH_ -- CH$ 1.4-bis(dimethylhydroxysilyl)t_,_ for pigmented high-temperature coating appli-

The above silane diol has been polymerized cations by Butler (ref. 15) and coworkers
with a number of silazane derivatives in a man- during a stu(|y for the U.S. Air Force. Asila-

ner fully analogous to reaction (8). Two zane-polymer blend developed during our pro-
gram that is comprised of a mixture of poly

polymers with particularly outstanding prop- (diphenyl-silazane) and the polymeric product
erties that have been obtained by thi_ route are
shown below: of _vaction (5) was formulated into a pig-

meuted c-ating that retained good integrity,
FCH, CH, CH, -I

1 _ I I / adh_ion, and color in thin films during 8-hour
-V_'_i-°-_'-0-/- exi)os,',res in argo,, (1000 ° F) and air (800 ° F).
L.CH, CH, C,H, J.

A sample of tim polymer shown in reaction (9)
Poly (tetramet hyl-p-silphenylenesiloxane)-
(methylphenylsiloxane) was evaluated and found to be stable and ad-

• herent in an inert atmosphere at 1000 ° F. Its
CH, CH, C,H,-]

_|____,_o__,_o / lifetime in air at 800° F ,,'as proven to be sub-
I ___/ t I • / stantially less due to oxidative instability. This

CH, CH, C,t ,J. oxidative stablity problem must be solved if the
Poly(tetramethyl-p-si!phenylenesiloxane)- full high-temperature potential of tlfis ma-
,liphenylsiloza,ne terial is ever to be realized in a normal en-

Molecular weights up to 290 000 have been vironment.

obtained, and it appears that as a class, these The very recent discovery during this inve_s-

silphenylenediol-diaminosilane polymers de- tlgn.tinn of elastomeric materials incorporating

serve concentrated study in an effortto pr_tac_ the stable silphenylene moiety indicates that
elastomers with high thermal stability. ]3en- an exhaustive evaluation should be made of
zoyl peroxide-cured specimens have been ob-
tained in the form of elastomers which retain their properties. It is easy to foretell many

their resiliency after exposure to 400° C for possible uses both within and without the

over an hour. One silica-filled sample was aerospace industry for synihetic rubbers whose
cured for three hours at 300 ° C to a tough nlb- high temperature properties overshadow those
ber. This material grew progressively harder of materials now available.
and tougher during heating at 4C0° C, but after One area where a step-up the thermal ladder
two hours exposure to this environment, it was would be welcomed is in the area of static and

embrittled only slightly and retained more dynamic seals. Dynamic seals in particular
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are bt.ing called cpon to functier. ,_t to;,- Silazane compounds and polymers having out-
peratures that are apl,roaching ti_e upper standing thermal stability have beendeveloped.
temperature limit of the best co,:h_ez_'ial high- The_ show i:.articular Fromise as high temper-
temperature e!astomers. ._"_olnehope is also ature coating,s and elastomers which exhibit
justiiied ,'or the develolm_ent ol .,lgh-temi_era- stability in tenipel_ttures in the l_ulge of 400 to
ture wire coatings which will allow a step be- 51)0° C.
yond the .;ncreased ,.;-.ctric nlotor operating Polymers prepared by the u_ of silaz,'mes a.s
temperatures that the silicones have permitted, monomers have resulted in tough materials with

. .i._ecmhzed industrial requirements for im- molecular weights :ks high as 280000. The-m
proved high-teml_crature coatings can also be materials are also stable to about 500 ° (3 and
vist_alized. Furm,-c- hardware and tal|k-d or may be used as coatings, fibers, fihns, ehts:omers

process pip;_ng for hot fluids are two _ssible and adhesives. The._e materials offer consider-
coating applications that come to mind. Vir- ablo potential in industrial appiications where
tually all materials studied during this program high thernml stability is required.
are characterized b.v good adhesion to a wide
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14. New Lightweight Alloys , ,
,- "t .%)

C. E. CATALDO

George C. )larshall Space Flight Center, NA,_;:|

This pa_,r (les('ril_e.,¢ three alloys that are m_der develolmmJ'l for specifi," aerospace
_q)pli('ati,ms whi('h simw considerable l_r(,mise for ('ertain industrial al_lflit'qlions. A ne_"
high-strength wchlabie ahlnlilllllll plate alloy, all lllllllqlllllH C_lStillg alh_y. ;|lid II lll;IgllOSilllll-

lilhium alloy (,f exceptional light weight qre described. The aluminum plate material has
a ten. ih, strpngth 10-15_ higher lh'tn existing (',)mm(,r('ial ,llloys used for welded aero-

s|ta(o stru,qllrl,s. It has good low ttqlll_q'aillre strength, _lIl(l llot(h sensitivdy ;ll)l)(';ll : to

_e satisfa(.tory. The "tluminun_ casting alloy was dev(qoped to have idgh impa(', strength
at vryogenie temix*rqture_<, but room temper'Hure properties also exceed those of generally
used :llulni(lulll (.'tstillg alloys. Althollgh magnesium-lithium alloys have already bt'en ll._ed

in some aerospace aplfli('ations, additional properties of th_*se alloys are presented, and a
slew alloy with iml)roved strength is dis('ussed.

One oflhe most iml)Oi.tam design ('riteri:l for benefits from many of lhese exl)ensive early
space vehicles is that the structural mate- l)rograms.
rials shouhl have the lighte._t weight possible ()he iml)ortant factor t(, consider is that, of-

within the service requirement envelope. The ten :,. material develol)ed for one lmrl)OSe may,
Nati(mal Aeronautics and Space Administr_- at some later time. find al)l)li,'atiol: for another
tion (NASA) has Im(lertaken, in many of its i)url)ose where its properties are found 1o be
system decelopment progr'uns, to develop light- Sul)erior lo alh)vs previously used. One recent
weight, high-stren_th alloys by either modify- example of this is the aluminum :flloy 221.q. an

ing existing all,)vs or developing ('Omlfletely alh)y (leveh)l)ed by Ah.,m for _.le_ated-tempera-
new ones for specific struclural requirements. Im'e service. A screening program conducled
Such research has been done both in-house and hv Marshall Space Flight ('enter (MSFC) sev-

by v'u'ious resear('h organizatior, s sponsored by eral years ago imli,'ated timt this alloy had
the government. Only a small portion of mate- excellent 1,)w-leml)e:'a(ure l)roperties at lem-

rials-deveh)pnwnl work falls under a security l_eral,lres as tow as tim/ of liquid hydrogen.
elassitical m,, • m.sl of the work is tVl)¢,rle(I and At lhe 1)resent lime, 2219 is lhe major stru('lural
is a.vailal)le (hrough general government l)Ub- re;aerial for the Saturn V tlrsl-stage booster,

lieations. The goverlm:eut has supported many whi('h uses l)lale and forgings of lifts alh)y

materials-research l)rograms Ihal could m)t be ranizing from IJ.25() in. to 5.0 in. thicl¢. Vn-

justilied e('onomi(.,dly for self-sUl)l)ort by in- antit'il)ated al,14i(';_lions of materials have been

dust_5,. This has been particularly true where ,.ommon occurrences in the aerospace industry;

expensive and exotic materi.fls a_e ('om'erned however, lhe modern materials engineer re_'(,g-

and where critical aelosl)a('e or defense require- Idzes lhat there is much lo I)e _ained 1)y the ,'on-

ments are the only justifying faeior. One good centraled develolmumt ,)f a material taih)red

example is the I)efense I)el)artment support of for a sl)ecifi,' al)l)li('aiiou.

titanium develolmlem (l'u'i.g the l)asl few 'I'l,is rH)ort describes lhree alloys deveh)l)ed

years. Today, industry is reaping consid:,r'fl4e lhrough MSF('-Sl)On.,;ored research foc specific

123
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applications.. Thes_ blclud(" an alummt, m resistance to corrosion. An alloy w_ desired
plate alloy, all aluminun_ casting alloy, and a that would have a tensile strength approaching
magnesium-lithi :m alloy of exceptionally light 75 ]:_.i,yield strength {'5 ksi, elongation o_ 15%,
weight, and a notched/mmotch_d tensile ratio of 1.0 at

One of the three alloys discussed in this re- room temperature. Three alloy types were

port is already being used in a wide variety of initially considered • £1-Cu (_000 type), A1-Mg
applications both in aerospace and other in- (5000type),andA1-Zn-Mg (7000type). Based

: dustries. The other two alloys are more recent on the experimental survey results, the A1-Mg

developments and still require additional evalu- alloys were discarded as incapable of meeting
ation before release for general use. the requirements. A more intensive evaluation

of the properties and optimization of thermal
DEVE|.OPMENT OF A HIGH-STRENGTH WELDABLE ALUMINUM

treatments was undertaken with the promisingALLOY PLATE FOR CRYOGENIC APPLICATIONS
A1-Cu and A1-Zn-Mg compositions.

Basisfor Development Two alloys emerged from this evaluation tl,a,:

The large liquid-propellant space boosters were considered capable _f approaching i,_.e
now being designed and built use weldable initial programgoals. These alioys, designated
aluminum alloys having the higheot possibl_ M825 (A1-Cu type) and M826 (A1-Zn-Mg
strength/weight ratio characteristics consistent type) were indicated to,have goo4 fabricability

with good ductility and notch-insensitivity at and weldability, although each has certain ad-
temperatures down to that of liquid hydrogen vantages and disadvantages. In initial work,
( -423 ° F, -253 ° C). Currently, the predom- both ef these allcys developed strengths 19-15%
inant alloys used are the 201_ and 2219 alloys Mgher than the highest strength weldable alloys

in various tempers that provide yield strengths now available commercially and exhibited good
in the 50 000 to 60 000 psi range and ultimate cls, ogenic toughness.
strengths in the 60000 to 70 000 psi range.
Neither of these alloys was initially developer./ TABLE I.--Ch_mical Composition of Experi-
to serve in this particular environment. _ental Alloys M8_5 and 111896(nominal)

Alloys of the A1-Zn-Mg-Cu series which

develop considerably higher strengths have Alloying element M825 M826
been used extensively for aircraft and other

structural applications in which no v:eldmg is Cu ............ 6.3 o. 10
involved, but their inferior weldability and Mn........... 0.3 0.2
rather poor notch tough_e_ at cryogenic tern- Mg....................... 1.8

Cr ....................... 0. 12

perafures make them unsuitable for booster Zr....................... 6.5
oxidizer and fui_l tankage. Ti............. 0. O6 ..........

Recently developed alloys of the A1-Zn-Mg v ............. 0. 10 ..........
(Cu-free) type are readily weldable and Zr............. 0.13 0.12

deveh, p potentially useful combinations of Cd............. 0.15 ..........Sn............ 0. 05 ..........

weld strengths, tensile properties: azad cryo- AI............. Remainder Remaindergenie toughness, but do not meet the high
ctrength requirements considered essential for

the most advanced booster concepts. The need Table I shows the chemical composition of
for aluminum alloys having higher strengths the M825 and M826 alloys. As indicated, M825
stimulated the support of a research program is basically the 2219 alloy with additions of
with Alcoa under MSFC Contract NAS8-5452.

copper and tin. It should be noted that these
Composltlong of txpodmontal Alloys are nominal compositions. Determination of

The goal of this program was to develop an the optimum composition limits will be made in
alloy with exceptionally high strength, good the second year's effort on this program which

notch toughness, fabricability, weldability, and is currently underway.
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z_iechanwai Properties o/ _xper_mental Alloys WithTABLE II.--(/ompal_;.,on of Typical *¢ " " "
Commercial Alloys

Property Testing Temp. M825 M826 • 2219-T87 X7106-T6351 5456-H343 GoalsTensile strength, ksi___ R.T. 75.4 79.5 67.6 65.6 56.1
--320 ° F _9.8 92.3 85.0 86.8 72. 1 ......

--423 ° F 99.1 ...... 99.4 102.5 74.8 ...... i
I

Yield strengtb, ksi .... R.T. 66.0 72.2 56.0 58. 1 44.4 65.0
--320 ° F 73.8 86.8 67.6 70.5 52.3 ......
--423 ° F 82.8 72.2 75.0 54.8 q

............ i

Elongation, % in 2 in__ R.T. 9.0 12.2 10. 5 12.8 10.2 b 15.0
--320 _ F 12.7 ?. 2 11.0 )4.0 13.9 ......

--423 ° F 10.0 ...... I i3.5 :5.2 7.0
f

Notehed/unnotched R.T. 0. 98 1.13 1.36 0.95 1.0
tensile ratio ¢ --320 ° F 1.06 0. 95 1.03 1.06 0.85 _

-423 ° F 1.03 0.95 0.94 0.94 0.88 -079-

"--423 ° F Test data on M826 not complet:,.
b Recently changed to 10%.
Kt= 10.0.

MechanicalPropertiesof Experimentaland CommerciallyAvail- bilities of aluminum alloys having tensile and
ableAlloys yield strengths of this level. Therefore, this

Table II shows typical mechanical properties goal has been revised downward to 10-per_nt
obtained to date on plate thicknesses of M825 minimum.

and M826. The program goals are included in
this table, as well as typical properties of three Suitabilityfor Plate Thickness

commercially available alloys: 2219-T87 (A1- Both I_8_25 and M826 have been plant_fabrl-

Cu type), 7106-T6351 (A1-Zn-Mg type), and c_tte(i in various plate thicl-".e_ses to 2.375 inches
5456-H343 (A1-Mg type). Although test data with no serious problems reported either in ingot
at -4'23 ° 14"of the two plant-fabricated experi- casting or rolling. There is a problem with
mentai alloys are not available at the present the 2.375-in. thick material in attaining the

time, results of tests on laboratory-produced strength objectives, particularly with the M826
plates indicate that both alloy.; are capable of alloy, due to its greater quench _nsitivity.
exceedb_g the -4'23 ° F notched,'unhotched ten- Various thelmal and mechanical treatments are
sile ratio requirement of 0.90. Tests have also being investigated to determin- optimum tre,',_-
indicated that the notched/unnotched ratio of ments for all thickr, esses.

M895 is much less temperature sensitive than

that of M826. Higher stren_hs can be ob- Weldabilityof MS_JandM826
tained with the M826 alloy than those shown in The weldability of M825 and M8`26 alloys is

table II by variations in thermal treatment; still being studied. Based on weld cracking
however, with the higher stren_h, the notch tests, M8`25 is rated very easy to weld, or having
sensitivity of ._he alloy increases. The good commercial weldability, when 2319 or the
strengths shown in table !I meet the minimum base-metal composition is used as the filler el-

goal requirements, but, average strengths would loy. Welding characteristic determinations
have to be 6-7 ksi higher to meet the goals with made on the Al-Zn-Mg type alloy indicate that

a good level of confidence. The goal of 15 per- the amount of weld cracking is generally low

cent elongation is apparently outside the cape- when the filler metal contains Zr. It is anticl-
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9ated that this alloy will be e'tsy to weld, a]- _reatment for stress-corrosion resi,%ance has
though not equal to the excellent weldability of beeh started. M826 h'_s good stress-cor:osion re-
the 2219/2319 or 5456/5556 combinations. The s_st_r....'ein the longitudinal and long-transverse

strength of 1/,-in. thic]_ MIG-welded M825 directions, but is susceptible in the short-trans-

plate, using 2319 filler, is similar to that of 2219 verse direction. IIowever, it is still similar to
welded with 2319 filler, having an as-welded ef- tl: -_ exhibited by lower strengtL alloys such as
ficiency of about 60%. MIG-welded M8"26, X7106 and 7039.

: using a base-metal filler alloy composition, re- Industrial Applications
sulted in ,t tensile stren_h ot approximately
60 000 psi as-welded. Typical weld tensile Although this program _as undertaken pri-
properties for both alloys are shown in table marily for the development of weldabl,', high-

III. Preliminary results in some recent tests strength aluminum alloys for aerospace appli-
show that one experimental filler alloy will in- cations, the alloys could be potentially useful

for commercial or military applications. Theycrease the as-welded strength of M8'25 6000 to

8000 psi over that obtained with 9319-filler al- would probably be suitable for storage vessels
loy. A thorough evaluation of welds ot 1.0-in. for gases or cryogens. "rhey may also be saris-
thick plant-fabricated M825 and M826, inelud- factory for some bridge structures where weld-
ing both MIG- and TIG-welds, is being made. ability is desirable. In a broader sense, the high

strength may give strong impetus to the sub-

TABLE III.--Room Te_rbperature Proy<rties of stitution of aluminum for other general eon-
M8_5 ann M8_6 Welded Pla_e struction materials over a wide range r.f in-

dustrial applications. Military usage could
[Material thie* ness---0.500 in., _'_tat,,rial *_es_ed as- possibly include armor, engineering items, ve-

weldedl hicles, and bridge applications.

M825 (2319 M826 (M822 Summary
fq,'er) filler)

Prouerty In summary, two weldable alloys with room-

......MIG TIG MIG TIG _,lr,perature properties 10 to 15 percent higher
..... _m existing commercial alloys are under de-

I _ %pment. Results indicate that both will be
Tensile ,. ,.g_h, [ I

ksi ........... 142.4 42.8 59.0 54.0 _:adily weldable although an improvement in

Yield strrngth, I ,, eld strength is desirable, particularly for the
ksi ......... ] _7.6 33.2 52..5 46.0 :kl-Cu type (M825). Low temperature prop-

Elong.,,70 hl?ip.j 1.1 1.4 i.1 2.0
N o t _.h e d [ u n - i erties look good, as do the notch sensitivity char-

notched ratio __ 1, 0 __ i I. 1 acteristics of the alloys at room temperature and
low temperatures. Although results are not

• KT= 10.0. conclusive at this time, stress corrosion resist-

Stress._orrosionResi,'_tanc. ance of the two alloys appears similar to that
of commercial heat-treatable, high-strength al-

,qtress-corrosio_ tests are being conducted on loys. Development of _he alloys is continuing,
bo_h experimental alloys in industrial and sea-
coast atmospheres, using alternate immersion and efforts are being expended to improve the
tests. The comparative merits of the two al- properties by various techniques, such as modi-
loys, with respect to resistance to stress-co'.,ro- fication of composition and improvements in

sion cracking, are not clearly defined at this thermal and mechanical processing. Efforts to
time because of the inadequacy of test data. improve weld strength are being made, par-
Results for M825 sho'a, some inconsistencies, but ticularly by utilization of a number of experi

! o.
there are indications that a resistant temper mental filler a.loy,,, and improvements in stress
can he achieved. Since resistance varies greatly corrosion resistance are being sought by op-
with temper, an attempt to optimize the thermal timization of thermal treatment.
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_EVELOPMENTOF A NEW HIGH-STRENGTHAIUM_.NUM commonly used high-strength alloys are shown
CASTINGAtLOY(M--45) for comparison. During the initial develop-

Basisfor Development ment program, a variety of compositions ,vere

Forgings and welded structures, "vhich _ .- investigated, and several demonstrated very

costly and usually require extensive L.,achining, good impact propertie._, better than currently
_tre used in many instances where a, casting available alloys. However, the 4.5Cu-0.1Cd-
would be ideal if it were strong enough. Cast- 0.-Mg-0.5Ti alioy appeared to be tl;e best alloy
ings are of particular advantage where designs composition developed. In the i::itial study of
are ra*her complex and procurement times are the alloying effects of various met.ds, it ap-
generally much shorter. Suitable casting_s must peared that in the presence of magnesium, cad-

have high strength and toughness and mus_, be I.dum is much less effective than l:sual in in-
compatible with the adjoining struc._ure, es- creasing strength. Inst,_'Ld, it t'esulted in sig-
pecially where welding is to be done. The heat- nificant improvements in impact prcpel_ies and
treatable aluminum casting 'alloy described in in ductility. A possible Mg-Cd interaction
this report was developed to satisfy the require- seem.; likely, but this has not yet been investi-
ments of high strength and toughness for cryo- gated in detail.

genie applications, and *.heinitial development Mechanical and PhysicalProg._rtie.
work was done by tim Battelle Memorial In- Mechancial properties of M45, as compared tostitute under Contract NAS 8-1689 with

other commonly used casting alloys, are given in
MSFC. The primary goal of the program was table V. A limited n;_mber of actual castings
to develop a casting having exceptiona,iy high have been made to date, and it is expected that

impact stren_h at cryogenic temperat ares down improved casting techniques will produce prop-
to the boiling point of liquid hydrogen ( - 423 °

erties somewh_t higher th_,n those reported.
F) ; however the resulting alloy has exceptional Heat treatment processes have not been
properties in other :,'espects. The alloy has been
tentatively designated M45, denoting the yield thoroughly investigated with respect to opti-mum mechanical properties. However, even the
strength characteristics, lowest results obtained for an acceptable cast-

Chemical Composition ing are, remar]_o.bly good for _m aluminum

The chemical composition of this allo_ is casidng alloy. Impe.ct strengths increa.se con-

given in table IV. The compositions of other siderably with decreasing temperature and are

TABL_ IV.--Chem,;cal Composition of M-_5 and Oth, . rliffh Strength Alu,,Mnu_r_ Ca,_t/ng .}1 ,y,_

Nominal composition, • weight percent
Alloying element ___

M-45 A356 Tens-50 Almag 35 b J95

Cu ..................... 3.90-4.50 O. 20 O. 20 O. O1 4.00-5. O0
Cd ..................... 0.08-0.12 .......................................

Mg ...................... 0.06-0.10 0.25--0.40 0.40-0.60 7.00 O. 03
Ti ...................... 0.02-6.05 0.20 0.10--0.20 0.10 9.20
Si ...................... 0.017 ......... 7.60-8.60 0.10 0.50-1.2
Fe ..................... 0.010 0.35 0.40 0. tO 0 80
Cr ..................... O.001 .......... O. 20 ....................
Mn ................................. 0 10 O. 20 O. 10 0.20
Zn ............................... , 10 0.20 .......... 0.20
Be ......................................... 0.10-0.30 ....................
Al ...................... Bal ......... Bal Bal Bal

• Composition given is maximum p'ermissible unless given as a range.
h Typical.
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T).BL_ V.--Me,'han ieal Propertie._ of A lumJn um .(',t._tin9 .411oy._

Ultimate tell- ] Tensile yield I, Elongation, Charpv
Alloy silestrength, I strengti_, psi : percent ill impact,

psi ! [ 2 inches ft-lb

.M-45 ............. 48 000 : 45 000 ! 5 13
I

" A 356 ............. 34 0043 : 29 000 I 2 2
: Terns-50 .......... 37 000 : 32 000 i 2 1

" ! Almag 35 .......... .30 000 16 000 t 7 3
195 ............... 30 OCO 24 000 : 2 3

I

in excess of 15 fl-lb at -423 ° F. The alloy is The density of M45isapproximately(_.1. AI-
sig_fificantly _ron_r and tougher :hen high though other physical properties are expected

purity 195 alloy, to be very similar to tile 195 c_sting Mioy, com-
Fig_ure 1 _v_ 111euhimate strength, yield 1)lete data are not yet available.

s_ren_h, and percent elongation ( percent in "2.0 Mkmslr_'lhuure
in.} of 3145 heat-treated Io the -T6 condition in
relation to the test temperature. Figure 2 shows The M45 is characterized by a rather large
the impact strengths of two heats of tile alloy, groin size in castings made to date. Fi_tre 4
Althmlgh there is considerable scatter in th_ce shows the typical microstrueture obtained, and

values which indicates varies ions in cm_ing pro- a random distribution of CuAI: throughout the
cedures, all values are rather high for a c_t mat-ix and grain boundaries is e_'ident. There
alloy. Figure 3 shows a comparison of both appears to be no tendency for significant _gre-

yield strength and impact strength of M45 with gation of mi.-roconstituents. Along with the

Tens-50. A356, and Ahnag 35 casting alloy at coarse grain, there is an absence of columnar

-3.220° F. or dendritic type structures.

TEMPERATURE.deg F TEMPERATURE,deg F

--400 --300 --200 --I00 0 +100 --400 --300 --200 --100 O L' I ' I ' I ' I ' I ' I ' 1 ' I ' I ' I ' I ' I

70 _

COULD.-T6 25 -- _x ." 57-2 --
"_, : c 64-1

v 60 -- " 64-3-i- .T.$.
_.. 0

Z0 _ 20SO "

Y.S. -- ...... "-e m
15 _40 ,,-

O n
I0 - 10 n

0 CHARPY V, COND. -T6Z
0
-" 5tt/ _--

t/J

0 t I n J n I , I . I , i , I _ I
--240 --184 --129 --73.4 --17.8 +37.8 --240 --184 --129 --73.4 --17 8 +37.8

TEMPERATURE,deg C TEMPERATURE,deg C

Fmusz 1..--Low-temperature mechanical prop- FmuR_ .2.--Impact energy o/ a 7_o aluminum

ertles of a new aluminum, alloy saner casting, alloy sand casting.
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_v-ta T,Im,r VI.--Meehanieal Propertie._ o/ Typical
' t ' ; ' j ' ; ' I " .'¢aturn Co,figuration Castings Made From

45 - NEW AttOV • - .IJ4:_Alloy

Casting ksi E ..
Ilk [ -

3S ._

o Figure 5 Room 4S 45 5
0 e TENS -50

30 _ 71 57 9

-_ FiguresGand7 Room ! 52 F 50 3

25 • A -356 t
w i '
IE

,7,

_ 2o in castabilitv and that it is slightly le_ easily
• ALMAG3S east into intric-xte shapes than A456.

15
Weldabilily• I , I , I , I , I i

o 2 6 m 14 Is 2o Limited tests have beenmade to determine the

IMPACT STRENGTH AT--196"C 1_320°F1 weldabilitv of M45. Ca__ing-to-casting weld-
meats with 2310-filler material and manual

Fmvm_ 3.--Comparison of mechanical proper-
ties of sereral aluminum allo!/s, _.and ca.dings. 'FIG welding have been made, as well as east-

ing-to-2219 plate weldments with 2319-filler

material and automatic TIG-weld;ng.
Castabitity Weld strengths of castings joined to castinffs

Castings of various configurations and sizes by manual welds are shown in figure 8. The
have been made and are shown in fig_ares 5, 6, average stren_il was ")5 700 psi in the as-welded
and 7. The latter two castings were cast from condition. Reheat treatment of a wehled test
ingots prepared in a 1000-1b lot by a commereial sample using the -T6 tr_ltment ahnos_ doubled

supplier. No problem was encountered in pre- the strength.
paring the ingots according to tim specification

Wehl strengths of casting-to-2919-T87 plate
composition limits. Some gas porosity and
shrinkgge were found in tlm three castings illus- (%-in. thick) are shown in the same figure.
trated, but the castings shown in figures 6 and 7 The average strength of these automatic welds
were found to be acceptable for Saturn hard- was 36 200 psi, considerably higher than the

ware as detelnnined by radiographic inspection, previous manual welds.

Radiographic standards for Saturn hardware Industrial Applications

al_ v_z*yrlgLd ; tl-us_ thes_ castings were of excel- Altho:lgh the casting allov described shows
lent quality. The first castings sho_vii ill figure *
5 were rejected against flight standards, but the parti,mlar promise in aerospace applications

whel_ high strength, coupled with light weight
quality was such that they would be satisfacto D"
for most commerical applicat.ions. Mechanical requirements and cryogenic temperature applE-
properties of these particular castings are. sho_ n cations are important, the alloy has properties
in tabh VI. which also make it attractive for a variety of

Although these castings were made with usual industrial applications, at both ambient and

foundry procedures, and no difficulty was expe- cryogenic temperatures.

rienced, it. is believed that optimization through suture*no
experience with production castings will result
in more consistent strength properties and strue- Based on test. results from a limited number
tuml soundness. Laboratory tests have indi- of castings made from the M45 casting alloy,
eated that the alloy is comparable to 195 allo- the alloy is extremely promising for appliea-
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tions where high resistance to failure under the development ,,f this family of alloys. The
dynamic loads is needed. The alloy has con- Mg-Li alloys have found a position in fulfilling
siderably higher strength titan oti_er commonly m:'.::y requirements by virtue of their verb- low
used casting alloys such as Tens-50, A356, aqd density and high elastic modulus.to-weight
AI;I_.:_K _: it ha_ excellent impact strengt!, at. ratio. Particular eml)basis on the potential of

vrvoge'fic temperatures down {;: -4"23 ° F; and the Mg-Li alloys for missiles and space-vehicle
it is heat ,:_.mtbie and weldable. Castabdi_v ia applications dates back to 1957, when the Army

similar to the commercially available 195 alloy. Ballistic Mis_ile Agency (:_BMA) sponsored a

Ingots of the M45 are available on special order rese_trch program with Battelle Memorial
front ingot suppl:,ers. Institute.

DEVELOPMENT OF MAGNESIIJM-LITHIUM ALLOYS Chronological D,velopment of Mg-U Alloys

Basisfor Development 2_kbrief review of the chronological develop-
The magne._ium-lithium alloys are not, new as ment of Mg-I,i alloys is presented in table VII.

far as basic development is concerned, but only As early az 1910, Masing and Tttmmann td,-

recently have specific requirements in the aero- tempted to develop the Mg-Li phase diagram,
space i_du_t,'y l;rompt_d al_ increased effort in aiti_ough their work was hampere(l by tOtal)era-
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TaBI._: VII.--('hronologi,'a! l)_eelopment o/
Mg-Li . I iloyx -_ _-.--_.

Year i investigator Program __
J

1910 ] Masing & Tam- Mg-Li Diagram?
I

1934 Grui,e. yon Zep- Mg-Li I)iagram. Wmmmt,_._-._,_ ._:_, ..
plin & 7lumm. _.__..-..

1944 Battelle- Ma thiesOnchem. .Mloys. -..__.. "._ "._
1945 llumme-Rotherv,. Ternary . .Mlovs.. _ .::/."__:

et al. =- -

1945 Battelle-Na,'al .Mlo,'s. ;ii_:;!_ii_Il_,_read of _
. ._t_:'eron:_.utics & -:._..::_ • -.

•_-.__-._.'_'_g_-_7_ " _"-
19=7 l)ow Chem.- Alloys, Portable _-... -_ "," _ -_'- _'.

Corp of Eng. landing field " - .i':. "-'_:_<:'-"
mats. "

1950 Battelle-Naval Mg-Li-AI, Mg- . . %._..: - --_-: -._X.:_-_-'._:.- ' '
Research Lab. LioZn. _ . ' _°#_'._.&_;_:_/" _ "

1957 Armour Research Alloy for M-113 _ '"¢_

Found.-Frank- personnel tar- "_:.-- " _ford Arsenal. ' rio-. ....

1957 Battelle-ABMA .... .Mloys for missile
and space

applications. FIGURE &--Ca.sting o/ alloy M-45.
1962 Battelle-NASA ..... [ Development of

[ alloys for
[ structural

l applications. , ,

1964 Fra,'Kford Arsenal- i .Mg-Li casting. _ i_-._NASA. . , ".:: _"
1 t

i

/5- ..

ture measurement problems. Work continued

on various phase.s of develc,pment for 37 years, -
until 1947, when the l)_w ('heroical Company. -.,_
in conjunction with the Corps of Engineers, -'%
produced portable prototype landing-field mats. _,
In 1957 Armour Research Foundation, fimded .._
by Frankford Arsenal, developed an alloy to :,:;.

I)e used in a prototype M-I13 persomlel carrier. .%

In the same year, Battelle, under contract to :. .
the Army Ballistic Missile Agency (Contract _.. 1I)A-33-019-OI{I)-2593), I)gan studies on the "_L.. " :"

development of alloys for missiles and space ap-
piications. Thesc si udies "-'ere ,-ant inued under

Contract NAS8-5049 when the ABMA gT"oup ---,: .._.. _._.,.. .....,-% _
became a part of NA.qA in 1960.

In tim Battelle programs sponsored by ABMA

and MSFC, two alloysof l):trticular si_fificance Fmuaz 6.--Alloy M-45 ca, ting /or Saturn
emerged. These two alloys and their current hardware.
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AT_ P_,c,en_a_ t,Th*.m

• I0 20 30 ao _0 6O 7O no

70C I ! ;

_¢ • _j _'_'_

,0o [
FIOVR_ 7.--Saturn casting from aluminum alloy ..................

M-_. ".................

Fmmm 9.--Magnesium-lithium ph_._e diagram.

and potential applications are described in this
report. In addition, several studies on these T._BLEVIII.--Alloy Designation
alloys conducted at MSFC, including mechani-
cal property determinations, aging studies, cur- Alloy Nominal composition,

percefit
rosion studies, protective coatings, composites,
fabrication, and weldability are discussed. A
program is presently underway with Frankford LA-141 ............ 85 Mg-14Li-lAl.

Arsenal, under direction of MSFC (Contract LAZ-933........... 85 Mg-9 Li-3AI-3Zn.
G.O. I-I.-71508), to deterr, iJ_.ethe feasibility of

casting Mg-Li alloys mto intricate shapes, nesium Association, as shown in table _III. In

Alloy Designation the Mg-Li equilibrium diagram, shown in figure

The alloys developed by Battelle b-- r_een 9, the LA-141, although a ternaxy alloy, has a
body-centered cubic structure, whereas the

designated according to procedures of the Mag- LAZ-933 is a body-centered cubic, plus close-

TEMPERATURE, deg F parked, hexagonal structure (a+ B).

--400 --300 -200 -100 0 +.100 Physicaland Mechanical Properties
' I ' I ' I ' I ' i ' I

Comparative densities of the Mg-Li alloys
$O _ MANUALTI6- are shown in table IX. The LA-141 has a

REMEAT-TREATEO density less than one-half that of the aluminum

4s - al!oy_ and is about 25% lighter than the stand-

_._ 23'19WELDWIRE ard commercial magnesium alloys.

"" 40 ""
:Z AUTOMATICTIG _ TABLE IX.--Comparativ_ Densities

WELOED
35 Material Density, Density,

gm/cm 3 lb/in)

30
CASTING.C_._'D. -T6 Lithium metal. 0. 534 0. 019

Magnesium alloy" LA--141_'- 1.349 0.049
MANUAL TIG , Magnesium alloy LAZ--933. 1.560 0. 05625 AS-WELDED

Magnesium metal ......... l. 738 0. 003
, , I , I L t , i . I m I Magnesium alloy HK-31___ 1.799 0. 065

--240 --184 --129 --73.4 -17.8 4-37.8 Beryllium metal ........... 1. 848 O.067
TEMPERATURE,deg C Aluminum alloy 2219 ..... 2. 823 0. 102

Titanium aUoy 6AL-4V_,_ 4. 429 0. 160

Fmt_RE 8._We!d _tvengths of a new aluminum Stainless steel 301 ........ 7. 916 O.286

alloy sand casting.
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TABLE X.--Strength-to-Welght Ratios of Sta- TAm,E XI.--Mechanical Propertie., el Heat
bilized LA-141 and LAZ-933 Treated LAZ-9.33 Alloy"

Ultimate Measured Strength- Roiled, solu-
Alloy tensile density, to-weight Rolled and tion b treated

stren.gth, lb/in, a ratios, in. aged 48 hours 800 ° F, 1 hour,
psi at 200 ° F cwq, aged

_ 500 hours at
20O ° F

, LA-141 ..... 20 000 0. 0486 412 000

LAZ--933 .... 30 000 0. 0564 532 000 Ultimate
tensile

strength, psi__. 30 000 33 000

Tile strength-to-weight ratios of stabilized 1
I,A-141 and 1,AZ-933 are shown in table X. Yield strength,

I 25 000 25 000
Note that the LA-933 shows a strength-to- psi .......... ;

weight advantage of over 22c/c. A 30_ advan- Elong., c_ in 2 ]

rage is achieved when the solution-treated and in ............ ', 28.0 24.0
aged condition of the LAZ-933 is used. I

The LAZ-933 is a heat-treatable alloy, unlike • Longitudinal parent metM, 0.063 in. thickness

LA-i41, and shows promise of being very stable b Solution heat treated in vaeuurn furnace

thermally. Table XI gives the prol)el_ies of

L.MZ-933 as heat treated. It does not possess FabeJcabilityand Formability
the overaging characteristic of LA-141 which Battetle's research has shown that LA-141

loses about 30% of its as-rolled strength after can be extruded readily into thin-wall tubing

heating for only a short time at "200° F. Only alid X-shal)es can be warm-formed into typical

a very small loss of strength was noted in the aerospace parts requiring simultaneous shrink

LAZ--933 after aging 500 hours at 9.00° F. and stretch operations. The alloy was found to

Tensile and yield strengths of the two alloys hare machinability, in lathe tests, comparable

down toliquidhydrogentemperatureareshown to that of 2024-aluminum alloy at low feed

in table XII. LAZ--933 is slightly more notch- rates, but much greater than the aluminum alloy

sensitive than the LA-141, and LA7_933 shows at high feed rates.

a sharper decrease of elongation with decreas- Both L,\-141 and LAZ-933 were found to be

ing temperatures, readily r.daptai,le to metal removal by chemical

TABLE XII.--gtabilized MeehaMca.1 Properties
[LA-141 longitudinal parent metal, 0.t90 in. thick; LAZ-933 longitudinal parent

metal, 0.063 in. thick]

Alloy Ultimate tensile Yield strength, Notched tensile Elong., per-

strength, psi psi strength, psi cent in 2 in. _
LA-141 :

R.T ....... 20 00O 18 000 21 000 24.0
-320 ° F___ 53 ,,,,,,_"" 28 000 32 000 14.0
--423 ° F.__ 43 00tl _,_-._aan_, 38 000 14.0

LAZ-933:
R.T ....... _ 30 000 25 000 32 000 29.0
-320 ° F_.. 37 000 34 000 37 000 8.0
-423 ° F___ 53 000 45 000 42 00C 6.0
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niilling. Phosphoric acid sohltions appear to '_ ' I ' 1 ' I ' I r-i'--r'--

l)e suitable reagents in tllis respect. ,0 \ --0- ,..... s,.,°,,, _

Several prototype i'astrumeut boxes have been \ -o-. Y,,,ds,,_,,_,.fabricated by cold forming and welding.
Ribbed covers for these boxes were fabricated \ -_,- E,_,,_.

I)y machining and/or chemical milling. _

Weldability "__ 30 <_

LA-141 may be readily fusion welded with g
an a..e or d-c power supply; the choice of the
current depends prima,.dy on the method used. 25-

The electrodes used may include pure tungsten _.,
as well as those alloyed with small percentages 2_
of thorium or zirconium. Backside shielding is
required to reduce the extent of oxidation on _5
the underside of the weld bead.

Several hller metals, including LA-141, - .//_ 20
EZ33, AZ92 or AZ61, may be used for welding
LA-141 to itself. Filler metals used for weld- _ /_ _0

ing LA-141 to other magnesium alloys include -
EZ33, AZ92, orAZ61. , I , I , I , I , I , / o

-400 -300 -200 - i .--, 0

The data in fi_lre 10 slm,_-, hat almost 100% T._........_.,_
weld efficiency can be achieved with this alloy

if correct procedures are used. FIGURE lO.--Mechanlve2 properties of magne-
Mum-lithium alloy LA-1/41, sheet thicknes.qAlthough n_ mechanical strengtl,, data are

available on welded L&Z-933, limited welding 0.090 /'1_tran.s'cer.ve TIG-welds. lo_gitudinal

studies to date indicate that the alloy is readily parent metal.
weldable. Several small plates were welded
without incident, and radiographs of the welds was found that the LA-141 showed satisfactory
showed them to be free of cracks and porosity, corrosion resistance in an uninhibited solution.
This soundness of weld and • 1•ve_. interface was Coating studies have been made on the LA-

borne out in subsequent metallograpl_!c exami- 141 alloy by using the Dew Stannate, Dew 17,
nation. Two samples were tested for bend duc- and Fluoride-anodize processes. Comparative

fility. These limited data in(hcate a minimum tests were run on the LAZ--933 with the Stan-
bend radius of 1,4 in. for 0.063-in. material at nate and Dew 17 processes. The Dew Stannate

room temperature, afforded better protection on the LA-141 than
the other processes and, in turn, the coated LA-

Corrosion Resistance and Surface Protection 141 was slightly superior to the coated LAZ--933
Limited tests at Battelle with 100% humidity in all eases.

at 95° F showed the LAZ-933 alloy to be tom- Limited electroplating work has been done on
parable to the LA-141 alloy in corrosion resist- the magnesium-lithium alloys to date; however,
ance; however, more extensive tests at MSFC several investigatom recently begtm studies on

have indicated that LA-141 is slightly superior, such platings, since electronic containers fabri-
Considerable work was done at MSFC to deter- cared from the material must be soldered for

mine the corrision resistance of I,A-141 in a electrical connections and require rf-attenuation
60% methanol-40% distilled watel solution to control.
be used as a coolant solution in the Saturn V

Instrument Unit. This unit contains two large :_pac,VehicleandIndustrialAp_llcaflons
components fabricated from LA-141. Several The major uses to date for the magnesium-

corrosion inlfibitors were investigated, but it lithium alloys have been in the aerospace indus-
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try. The Saturn V guidance compu:er, data plate were excellent and superior to results ob-
adapter frames, and Q-ball angle of attack tained ell either a commercial magnesium or
component cover are fabricated from LA-141 alunfinunl plate previou¢ly used. A mol_e com-

{fig. 11). prehensive listing of aI)plications is provided
The Agena Booster Rocket and Satellites in a technology summary report prepared for

orbited byAgena contained nm_mmsium-lithium NASA by Battelle, entitled "Technical and
components such as electronic boxes and covers; Economic Sta.tus of Mg-Li Alloys, Part I,"
angles, channels, and Z's for structural sup- August 1964.

ports; air-conditionil_g duct work; gyro som_../
mounts; heat shields; and pre_ure and dust
panels. The magnesium-lithium alloys LA-141 and

Base :.nd support structures for the manual LAZ-933, by virtue of tLeir low densities and
data keyboard unit and several tire,fit modu'e high elaslic modulus-to-weight ratios, certainly
covers are used in the Gemini. have drawn much interest in recent months for

The accelerometer housing ill the advanced their potential use in light, rigid structural
Minuteman missiles' guidance system is fabri- api)li,.ation in aerospace vehicles. This inter-
cated from LA-141. est. was largely generated by the initial work

A large slip plate used on an electronic- at Battelle.

component vibration table located in MSFC's Further development of the magnesium-

Astrionies Laboratory was fabricated from lithium alioys has been continued in research
programs sponsored by NASA, particularly in

2-in. thick plate. Results obtained from this the areas of formability, machinability, chemi-

LAUNCHVEHICi.EDIGITALCOMPUTER cal milling, and coating. The LAZ-933 alloy
was developed in an endeavor to obtain a better

'_'*'_' combination of strength and stability.

The sponsored work at Battelle and the
*an" b,",ckup support from the MSFC laboratory,,ftNt_111_ J

_,,,,,_ especially in the determination of mechanical
, (tlClltl¢_

properties at cryogenic temperatures and cor-
rosion work, have been a great factor toward

the acceptance of these alloys by industry.
The main research interest at present, is di-

m,_,_,0 rected toward developing bet'er coatings, espe-
cially electroplated coatings. Upon completion
of this work, the m,%mesium-lithium alloys will
certainly be material candidates where low

LAUNCHVEHICLEDATAADAPTi:R density and low load bearing requirements
","_" ,,,_,,-_,,,, are n-eded for relatively low temperature

,_ -._,_,,,,.. _ \ ._t" ,,,, ,,,,_ applications.

u_ ., _ wa CONCLUDING REMARKS

_,_s.,__,,_ The three alloys described in this report, are
'_ t2t_Igl_.Tq_*"4_X_...- ,,,,,

,,_,,,,,, _,_._ typical of those that are of interest to NASA.

"_,__" These materials represent anadwm cement in---////7 the state-of-the-art, and all offer promise.

,,,,,,,, m-. /// / '""" ,w_,,_ through proper application, of effecting lighter
_'_"---J// _"" weight and/or more reliable structures for

space vehicles. Likewise, these alloys offer

Fmua_ ll.--Typical cam.portent8 fabricated similar advantages for a variety of industrial
from LA-1M. trpplications.
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15. Effects of Aerospace Technology on Civilian Life
Through Sch'ntitic Instrumentation

|

JOHN G. ATWOOD

Director o] Research, Electro.Optical Dirision, The Perkin.Elme- Corporvtion

'l'ho dt'v_'lol,nient and produvtion ,ff scientific instruments for industrial, medi('al, _r,;i

_.(tll('atiolllll lls(, is closely assot'i'lt(,d with. and :fft'e(,l_.¢l by th( * llfltiolltll aorospace provrtlltL

Part of flit, (,fiv(-t ¢'OlIIONdireclly throllgh ,lie a(.l'OSpfl(-(, support of tvchnology /ICtllally llS_(1

ill illstrlHllOllls, Sllt'h Its oh,t'tro-optics. P;lrI ('Olllt,S frolll ri_lllir(qllOllts of thi, ill._IrlllHtqlta -

tion illdustry to (h'v_'lol_ new ;nstrun:_.nt systems of extraordinary l_qf(tl'lllllll('(' to illlqq

spe('ial aerospa('o Ii(qql'-. This l,:llo_h,(_,g( , and techn(do_y bi,(.Olll(,s "lvailabh, to otll(q" iI.,,¢,rs

through (.ommort.i,'d in.qrum(,nt,'Hion which l,'lter embodios it.

The s(,ientifi(, instrument indus|ry thus plays a major role in trmlsferring to Hm civilian

tochlloloffy tlle b(qlo|ils of acwlilw(_,_ i'll mah_rial,, COllllpOll_qlt'¢,, and proi]tl(.tion tot,hlliqlle, S.

Sl)llrre(i into development b._ the needs of the national aerospm.e prograrL

,k realisliv (li._t'llS.',ioll of how this transfer comt,s abOllt CtlllllOt |l( * carried Oll Dilly by

recitation of individual examples, although many interesting ones ,,xist. Rather, tho

larger stqllv. OCOllOl|li(' faclors ilro to be considered Sll('h 1IS the t'ffevt whiO_ ¢lolllal'L]S of tim

a(,rost)ace industries have on the tet'hnical ('alfita 1 ,_nilmlent industry Tracing thes(,

effects on the tet.hidcal eqpital equipment avai.able to civilian industry, _,du<'ation, and

m(,(licine comoletes the cycle. The (tcpth to which familiar aspects of our daily lives have

become del)t,nd(mt on a highly advanced and Oxl,an(lix:g civilian tt,chn,,logy is revt,ah, d in

tl i_ lWot'ess.

Tlmrv is good ovidt,nc(, lhat the tlatiollal aero.N_at'e Iwogrlllll is a illlljol" ffl('tor ill Ill('

recent acceleration of our civilian l(,chnology. This may i,_, a reason why the standard of

livil_ in the l'nit_'d State,,; vonliltues slfl_st:lntially higher than that of other adv:Hw(ql

countries in tlw Wvst(,rn worhl which al:_o lmve highly oducated, highly indu._trializ(_l

l)rOthlt'ing "|.,_d consunfing in_pulations, but which hard not "ltlopt('d largo-scah, national

objoctivos of ,'t highly h,t.lmic'll nqtnrt,.

rHi_ ELECTRO-OPTIC INDUSTRY

()he of the fa.qcsl growin_ ,_egment,_ of lhe Th'os _u_d Nimbus, the weathe, r s,_tellites,

industrial economy today is what hascome to be or re ce,ntly, and spectacularly, on the
cMled the elect to-optic industry. It makes corn- Ranffer moon probes.
portents _tnd systems of which the following are 'I'h(_ 1)recision tracking te,le,_copes whi(.h
only _tfew examples : monitor a mt l,,_oto_q)l', the detail_, of

IIeat,-seel<ing guidance units f,3r anti- everv lamwhat ('al)eKemwtly.
('raft missiles which ",,a,e" a target aircraft Spe,(.lrophotomete_ used by scientists for
t)y the infrared, or he:it rays it, emits, chemical analysis of complex m:derials.

I'ltra-high l)ert'orman('e aerial recon- Xeroffr,tl)hic otti('e copying machines.
llfl, i,'_sltnc(_ (ql,lll(q'lLc;. Tht a ill'st two (,Xallll)h,s II1"(" inll)orl allt to Sl)a¢'('

The spe('ia.1 television ('amers and re,cord- systems, the m,xt two are important to space

ing systems used on Sl):_('evehi(:les such as explor'_tion, while the last, two examples are

137
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138 SYMPOSIUM: ON TECIINOLOGY STATUS A:ND TRENDS

principally of industrial sigmficance. None of Table I shows several interesting J_m_s.L• c,
the examples its .a consumer product. Things First, there is at present a roughly e._ua] split,
like ordi:_al T c,'.tmer,_ projectors, binoculars, between government and commercial parts of
and eye glasses are not generally included in the the industry. Second, the aerospace segment ac-
definition. On]y highly technical products counts for nearly all the government's share.

qualify. At. present, th_, total electro-optic indus,ry
One result of this is that few laymen have any represents about 1/600 of th,_' Gross N,.tin.ual

clear idea that the electro-optic industry exists Product, comparable in size to the commercial
at all. Fewer still have a clear idea how it af- TV broadcasting industry. However, the com-
fects them _ individuals, beyond a suspicion mercial and industrial segment of the electro-
that itraisestheirtaxesslight.ly, optical industry is almost entirely a capital

Nevertheless it exists, it is big, and is growing equipment industry. That is, its prcducts are
fast. It is hard to get good statistics on the permanent hardware purchased as capital

electro-optic industry because the Standard equipment by other industries as tools for con-
Industrial Classification (SIC) system used by trol of production and for new product de-
the Department of Commerce t_ report indus- velopment.

trial statistics does not recognize the electro- The commercial part of the electro-optic in-
optic industry, and buries fragments of it all dustry should really be compared with total
the way from "stones, clay and glass products" b_siness expenditure for ,ew pla_t a_l equip-

through "communication equipment" and elec- J,_,ent. This was $43 billion in 1964. Com-
tronic components" to "professional and scien- mercial electro-optics is a respectable 1% of
tifie instruments." this total.

ttowever, an excellent survey of the electro- Finally, let us analyze "business expenditure
optic industry by the trade journal Missiles and on new plant and equipment" in a little more
Roc#ets puts the size of the industry in 1964 at detail. Let us cast out of it all that is bricks
a little over one billion dollars, and growing at and mortar and steel "I" beams. Then c'lst out

about 15% per year. Table I shows some of the automobiles, office furniture, and the like. Fi-
trade journal's estimates of the bre'.&down of nally, we get down to the technical capital
1964: output between government and commer- equipment, the uniquely essential means of pro-
cial business, and it predicted that the industry duction in many industries. Then, the corn-
will double in size by 1970. These estimates are
rough, bat are plausible and good enough for mercial part of the electro-optic industrT,
our purpose. They include research, develop- especially its industrial and scientific instru-
ment, and production, mentation branch, is a tangible fraction of the

total, perhaps as much as 5%, depending on
TABLE !.--Estimates of Electro-Optic

Industry _ how the difference between technical capital
tureens ot dona_s _uipment and other kinds is defined.

_96__'_t._._0 A matter of great interest is how this com-
Scientific instruments, test instrumen-

tation, and process control .......... $1o.25 $200 mercial sector of the electro-outic industry is
Industrial and special photographic .... 350 550 affected by its booming government-supported

other half. Let us examine what is taking place
Total industrial and eommer- cn the other side of the fence.

eial b ....................... 475 750
THE AEROSPACEHALF

Aerospace .......................... 425 900 It is impossible in a short time to mentmnOther ............................... 125 175
eachof theaerospaceprograms which aregen-

Totalgovernmentb.............. 550 1,O75 erath_gmajor demands upon the government
halfoftheelectro-opticindrstry.The number

Lasers (all applications) .............. 50 2(_ Of them is in the hundreds in NASA alone.

Total .......................... 1,075 2. O25 ttowever, some important trends in the tech-

" Excerpted from Mtsstl.s and Rockets. June 1, 1964. nology is illustrated by specific programs.bExcludes lasers.
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Astronomy to 80 000 feci on a giant unman_..,cd b'_!loom

One of the most significam ireuds is the pur- There above most o.f the atmosobere, it is ca-
suit of optical astronomy in space with large pable of obtaining ph._t ,gral)ils of planets and
telescopes of unp ,_de. ed performance, stars with 0.1 arc _-e,_-ondresolution. This is
There are several good z'easoizs why nstroimmers three to five f!mes better than ha,_ ever been ob
desire to ha_*c obsecvu_ories in space. One is tained from Am surface.
that the turbulenc_ of our ntm,,_herc,, wl',ici_ The system emi)odies some remarkable tech-

causes stars to twinkle, also prevents astrono- nology. First, in order :o fl:lly exploit the

mers from seeingor photographingthen_ clearly freedom from atmospheric disturbance, the
at high magnification. In addition, the at- fused-silica primary mirror, which is 36 inches
mosphere is opaque to much light in the in- in diameter, wa. required to be made accurate
frared and ultraviolet regions of the spectrum, to _o of a wavelength of light, or 1/_ 500 000

inch over its enGre surface. This _s unprece-
stmtoscopeli dented accuracy even in the field of optics for an

One o } the first astronomical telescopes de- optical element this large by at least, a factor of

signed to penetrate the turbulence and absorp- five. Final working of the mirror took two

tion barrier is S,tr,-.toscope II (fig. 1) jointly years to accomplish. Most of this time was

supported by ONR, NSF and NASA. The in- spent devising entirely new testing methods

strument, which weighs ,_ tons, is carried aloft which could see th,_ incredibly small errors
wh'.¢i, had to removed.

4 .L:- ':-" :- .,,,_. - "_, ¢'rbiting Astronomical Observatory¢

. _ _-W" . Another group of large astronomical systems
is NASA's Orbiting Astronomical Observatory

._ • : _ (OAO) series. These instruments will prin-
, cipal]_ exploit the complete freedom of spectral

region available to the telescope in orbit.
_,'. _ -" Figure £ shows components for the payload
_,_. ' of one of the experir .en_s. :It is _ 32-inch-d;am-

,e . . eter telescop designed to operate in the _'ac-
-._ uura ultraviolet spectral region. In this spec-

tral region, the light is so energetic that it de-
composes molecules of air and is extinguished
in the process. This OAO experimeat will

°, ; map a_d spectrographically analyze the vacuum
_'_" .-" t ultraviolet radiation which abounds it, space.

,.,i. )_> _ x To build it, it was necessary to develop a meth-
• _- od of making mirrors reflect efficiently in

/ _ ' this forbidding spectral region and then apply

._.$ the technique to a very large mirror.

Giant Space ObservatoriesThe future of large telescopes in space is now

FmvRnl.--The36-in.-aperture three-,_tory-high being planned by NASA. Eventually, it is
Stratoscope II, a balloon-borne telescope likely that a huge inst,'umcrtt will be orbited.
that files at 80 000 ft to make observations o/ It will be bigger than the 100-inch reflector at
planets, stars, and other night sky objects. Moun: Wilson, perhaps even as large a_ the 9_00-
In the background, a balloon i_ being inflated inch telescope at Palomar. It will have ,hare
for a Straloscope flight, than 10 times the acuity _r. _:'.y ,_arthbound sys-

795-253 O-66-- l0
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tern. It may eren s_e to tqe edge of tile uni- Tile importance of these image transducers.

ve_, and gain answers to some of the most and their successors, in tile technology of tile
basic questions of sctence, future is connected with the revolution we see

But to build such a telescope many scientists going on in computer teclmolog T. Digital com-
bel:.eve we will first require tile development of puters are now becoming powerful enough to
emirely new technology in optics, that of a self- deal ',qh lnformation in two di,nensional or

correcting ol,tical system Only with a system graphic form. To re,:eive graphic information,

: that continu-div measures aml corrects its own however, computers need tile electronic equiva-
depam,res f::om perfect ali_m_en; can the nee- lent of eyes. The combination of iml)roved
e:,sarv accuracy, be achieved in the hostile en- electronic eyes with the electronic brains we
vironment of space, foresee in the future will bring a revolution in

how humans deal witl_ information.
image Transducers

Another field of electro-optic activity which t°,°,,

is receiving a substantial share of NASA's re- Another electro-optic field being greatly ad-
search and development effort is electro-optic vanced by the aerospace industry is that o"
image transducers. These are lfigh resolution lasers. These new sources of intense, diree-

precision television picku I) tubes, image dis- tional, spectrally pure light are now about 4

sectors, and image intensifiers. They are years of ag'e. They have already started to
needed, of course, for all kinds of unmanned establish then,seh-es as having bona fide value

space probes. They are a way of putting our in many applications of light. Hardly any of
eyes into environments otherwise forbidden to these applications are the same as predicted by
us. the sensationalists. Most are eotirely new and

highly _echnical and hare required extensive

development of laser performance levels and
' _?_ , of other technology as well. This is why they

"" "J" have been slow in coming.
: One of the promising applications of lasers

., in space technology is in communication from

interplanetary distances--sending pictures back
from Mars, for example. This is possible, be-

,. cause a la_er be_m transmitted from a perfect
• , ,' optical system diverges so little with distance

• -_.-,._'- that, if sent from Mars by a 32-inch diameter__.
_',5/_ transmitter, all of it. would land on the Earth

within a circle 100 miles in diameter and could

it,- ,-, be detected by present *echniques. NASA is
:,,-" studying plans of an experimental optical tech-

/it ,'" nolo_D" satellite to explore this application.
One of the main problems of such a system is

_:-_..- ;__, the need to point the narrow transmitter beam

FIOURE2.--Lightweight optical components of toward tim receiver on Earth with incredible

the Orbiting Astronomical Observatory to accuracy.
_,tud-/ intes:_tellar gas and dust clo_tds from These and many other aerospace projects,
which star., are formed. View through light- many of which are of military origin are caus-
weight ab,minum telescope tube shows three ing a great growth of activity in the govern-
Mender q_,artz rods at top and sides which ment-fimded side of the electro-optic industry.
u,ill mainta.b_ optical system st, aeb_. in the Virtually all this activity comes under one .of

cold operating enHronment o/outer spa_e, two categories"

1966008417-156



SPACE INSTRUMENTATION IN CIVILIAN LIFE 1._/

Re.arch and development work which Tile exception, when it llapl)ens, is usually in
establishes new knowled_ze and advanced ,q,narea of important new and fast-moving te_'h-
teclmology in tile fiehl nological d welopment, where l_th t he aerospace

Production of systems ._ advanced thai and commcrical customer will tolerate departure
new lneih_ls, new skills and advanced rapt- from ideal Sl_'ilications and Ic_west cost in the
tal equipment are required, interest of getting tile item quickly. This leads

to short-lived markets for anything that works,Ilow this activity relates to the civilian econ-
often at high prices. As the field matures, how-omy, and ultimately to our daily lives is ex-

plored in the next p,'rragraph, ever, r.,erospace and conmlerci_:l specific:ttions
for more advanced products divergc as usual,

lit:rATIONTOCIVILIANTECHNOLOGY and the normal relationship returns. One of
Let ItS set aside the question of wlietlIer there tlae best recent, examples of tiffs kind in the

are thin#'s of technological or economic value to electro-optic industry took place in the early
be learned by .qle actual exploration of space, years of the niarket for lasers.

Let us focus our attention only on the qu_tion Such coincidences of ,aerospace and commer-
of whet price we are paying for tIie decision to cial goals for complete systems or assemblies lit
explore space. This price should be measured in the development level are economically snmll in
ternas of oilier pel.-sonal and national objectives scope, but they are .-ometimes important tech-

whici, remain unreel because of tbe assi_nnient nologically becau_ they cause bursts of accel-
of sonie of our national resources to space ex- eration in the civilian teclmolog T which would
ploration. Finally, I would like to restrict the not. normally oecur witiIout aerospace nioney to
discussion to electro-optics and sc;,entific instru- power them. Nevertheless the" are rare events

nientation in general. In this narrower fr,'une- and lience of minor effect in the overall picture.
work, the question becomes more detailed-- The results _ems to be th,-U,the only outputs

"what is the effect of the aerospace-supported of aerosl)ace-si, pported teclmology which are
electro-optics industry on the eivili'm tech- easily available for use in con ._erical tex.li-

nology and the related economy ?'" nology in tbe electro-optic industry are :

We can dispose of sonie possibilities right The knowledge and ideas ga.ined from

away. First, it is not true that Federal R and basic and applied research. Example:
D funds pay directly for .', significant amount
of commercial product development in the understanding of the uses of lasers in

electro-optic industry. ,Most federally sup- spectroscopy
ported R and D is done on cost plus fixed-fee New or iniproved materials and basic
contracts, and there is close auditing of expenses, components developed on aerospace sup-

Another way direct, support might laappen ported projects. Example: lair optical

would be for an aerospace-supported develop- gla._, and improved solid state photo-
ment to coincide directly with an item wliich detectors

would also be a good commercial product. A1- Advanced capital equipment acquired by

though it does happen for developments of industrial firms to do aerospace-sul)ported

materials, or very basic components, it very research, developnient and production jobs.

rarely happens for electro-optic systems, instru- Examl)les: sl)ecial polishing machines for

ments or assemblies of parts. The main reason, making optical elements with non-splierical
of course, is that aerospace items and competi- surfaces

tire conimereial products usually differ very Human skills and experience developed

markedly in function, design for environmen- on Federally funded jobs. Exam ples:tecl,-
tal stress, cost in relation to performance, nicians wllo have learned to make interfero-

weigllt, compatibility with other equipment, recta'it test lenses. Project engineers with

power requirements_in short all the things years of advanced technical project man-

that degermine an electro-optic system design, agement experience. Executives who have
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g_rined experience as corporate officers be- care, and other goods and services. These bene-
ca.u_ they were promoted to vice presi- fits occur because of the improved technical cap-
dencies of aerospace-sul)ported corporate ital equipment at their point of production, but
divisions, by now the relation to aerospace-supported

The_ thinb_ happen every day m_ almost technology, though real, is very indirect.
In summary, we can not comprehend the talee_'erv aerospace-supported project. They rel)-

effect of aerospace technologT upon tile civilianre_n[ the major as_ts remaining in the econ-
: .my f,-om an aerospace program after the technology- merely by reciting a number of spe-

rocket is launched, or the project is completed, cific direct, examples. This would be as fruit-
less as trying to understand the effect of smok-The. number of people irwolved is as large or

lar_er than the number engaged in the civilian ing on the nation's health by listing which of
part of the electro-optic industry. Tile amount our friends are smokers, and when they last
of equipment is also comparable to that in the wel, in the hospital. To fully understand why
commercial segment of tile business. And be- this indirect effect is real and large, we need to

look at the extent to which civilian life in the
cause of the more basic knowledge that the acre-

United States today is based on advanced te4_-sp_e programs demand, the amount of new
knowledge generated by the aerospace half of nology.
tile business is greater per ammm, probably DEPENDENCEOFCIVILIANLIFEON UNSEENTECHNOLOGY

_veral times gre_ter than that generated l;y Technolc_- has become so identified with
the commerical half. space and defense and special research efforts,

Do these assets actually enter into the civilian that people gener:dly do not begin to realize
technolo_-? Do they _tually benefit us indi- how great a role it plays in their daily lives.
vidually and collectively as eivilians? I believe Before you leave your home on an average
so, but for three very simple reasons it. is hard morning, you have already come in contact with
for the average person to see how. file products of dozens of different industries.

One reason is flint the process takes place E_ch one of these industries is heavily depend-
slowly. It takes 5 to 10 years, typically for the ent upon many technologies in some form to
full effect of _rospace-gained knowledge to be process its product and get it to the consumer at
felt in civilian technologT. An excellent ex- an accustomed quality- and price.
ample is the chronology from the start of an For an ,-x_,mplemolecular spectroscopy is an
aerospace-supported project at Hughes Re- extremely important moderr, technology. It
search Laboratories, when there was the first at- forms the basis of the scientific-instrumentation

tempt at making a laser in 1:,58.until the actual branch of the commercial electro-optic industry
shipment of the first commerical spectroscopic that the layman scarcely knows to exist. He
instillment employing a laser light source by the may only have heard that tile FBI catches hit-
Perkin-Elmer Corporation in 1965. and-run drivers by spectroscopic analysis of

The second reason why it is hard for the 1_-- paint chips.
man to see how aerospace knowledge benefits Molecular spectroscopy works by "pinging"
civilian technology is that the direct part of the atoms and molecules of a sample with different
process takes place ;n the technical capital frequencies of light and recordil_g the frequen-
equipment industD,. No consumer products are. ties at. which their parts vibrate. This record
directly involved at all, and the effect is i-tangi- tells what an unknown material is made of and

ble to the layman, permits chemists to analyze its composition and
The third reason is thatthe final outcome purity. It helps chemists determine the struc-

which eventually benefits the civilian market is ture of the molecules they make. As a result it
generally extremely indirect. It. asually takes is of camel importance in the synthesis of new
the form of lower prices, better quality, ,rod chemicals, the quality control of chemicals in
wider variety available to us as consumers in production, and the detection and analysis of
materials, foods, dnlgs, transportation, medical chemicals everywhere.
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Spectroscopy was a kind of l)ure,'qong-hair'" most l)harmaceuticals, most insecticides, and

research subject prior to 1940. Then under most l)roducts of polymer synthetic fiber and
stimulus of the war circle, a number of small plastics industries. The 1)etroleum industry
firms began to make instruments which would wouhl exist, but it would still be in an anti-
make molecular spectroscopy available to them- quate'! state. As a result, transportation

ists. In 1943 the structure of the then new wouhl _e more expensive and less effective than
penicillin molecule was identified by infrared it is tuday.
spectroscopy. I)evelopmelit of synthetic ralb- Therefore when we get up in the morning,
her maaufacture during the war, and of fluori- alive and free of disease becau_ of wonder

nated compounds on the Manhattan Project drugs we have recently taken, and eat cheap

were examl)les of federally SUl)ported efforts plentiful food which was checked for safety by
which boosted tl,e technology of spectroscopy a Food and l)rug Administration ._peclroseopic
in those times, test for insecticide residues, and get into a car

After the war the commercial spectroscopic with an engine that requires high test gas, we

instrument business began to take off. Instru- are benefiting in the most intimate personal
ments became better and fax lower in cost. Tiffs way from technoh)gy that was accelerated by
was in part becau_ they all used difficult non- funds spent on national objectives of a technical
spherical optics and evaporated film technology, nature 15 to :20years ago. We can reasonably
Equipment, skill, and knowledge paid for by expect, then, that aerospace technolo_-and skill
milita:'y programs of the 50's greatly reduced being developed now will have a similar major,

the cost of tiffs type of optical technology, but indirect effect on our lives 5 to 15 years from
As the cost of getting a good infrared now.

spectrum became lower and lower, the teclmique

spread more an I more widely into industr T and wouta ,r Nt,_N amwAv?

academic chemical research. Four-fold cost Probably most of tim developments of.
reduction of infrared spectrol)hotometers was civilian technolog 5- would happen eventually

important in this expansion of use. Where ex-en without the spurring effect of federally

early instruments cost $15 000 each, new cost in- supported effort toward national goals of a

struments at $3500 each I_wame common, technical nature. This would nonnally happen

Wider use of spectroscopy went hand in hand as a step-by-step development of improved

with the spectacular explosion of chemical, technolog'y in the technical capital equipment

pharmaceutical, and materials technology in indt.._try. But it would take a much longer

the 1950's which i.--mainly _'esponsible for the time to happen, as much as two to three times

remarkable standard of living today, longer for each step.

Since the early days, more than 10 000 in- One reason is that only one-half or one-tlfird

frared and 3{)0013 ultraviolet spectrometers the people would be working,gn advanced tech-

have l)een sohl. We estimate that more than nology. Also, those working on it would have
$200 million worth of spectrometers are in nmch less equipment on the average because

active use today as technical capital equil)ment, teclmical cal)ital equipment would cost nmre.

They are being increased at the rate of $25 mil- Most such equipment, even today is sold at
lion per year in new advanced equipment, volume levels where increased production

When an inquiry is made in the chemical and brings substantial cost reduction. Cut the

pharmaceutical industries to find out what it volume by a factor of two, and some important

would be like if the technology of spectroscopy capital items would not be economically feast-

were set i,ack to that of the 1)rewar days. the ble at all. There is no doubt that aerospace
picture .is l,ard to imagine. A con_nsus of demauds make .advanced techhi,',,1 capital

views suggests that the products which would equipment more freely available by 1)aying in-

exist, now only in rudimentary forms would be directly for its development.
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Some l)eOl)iebelieve tim{ tile aerospace pro- given research breaktllrough originating in its
gram slows down tile march of civilian technol- laboratories. Competition prevents passing
ogy becau_ it competes for manpower and the cost of this inefficiency oil to the customer.
facilities with industrial 1)u,_uit of advanced
tech,mlogy. This is not necessarily true. In CONCLUDING REMARKS

the tirst l)la('e, there is to(lay a l)lentiful supply In summary, the main effect,of current acre-
of engineel-s, scientists, and technical managers space programs is seen as causing a general

t beem_se of Federal stq)port of technology in stimulation of the techmcal capital equipment
past ye:u.'s. Thus, industrial ne_s for skilled area and generating new knowledge. The
men are l)eing met out of a better educated and commercial scientific instrument industry is
m')re experienced labor pool which is roughly packaging this advanced technology as fast as
twice as large as would now exist without markets for it develop and di_minating it
Federal support, widely in all fields which employ technology.

If there were less Federal support of This is how aerospace research in electro-optics
national, technical objectives, would not engi- benefits improbable fields ranging from agri-
m.ers' and scientists" salaries decrease? Would culture to medical research.
not tiffs spur industrml research and develop- The process takes a decade to mature, but it
ment? I am quite sure that technicM salaries has been a leading cause of the explosive ad-
would be lower, but not by half, for many vance of the health and wealth of the people
people would leave the field, and many others of this country since 19:,6. It should become
would never have entered it. In any case, it an even more efficient process as part of the
would have very little effect on the amount of wasteful aspect of ob_lescence of military pro-
industrial re,arch and development in the duction items is replaced by more space and
scientific instrument industry, atomic energy research projects.

In our commercial business, it costs about. 100 I believe that the price we pay is no price
to 500 thousand dollars to develop a new instru- at all, because we have made unexpected gains
ment from research breadboard to production in spite of the diversion of national resources,
prototype. Only ahout one-third of this is and in part because of it. In the next decadetechnical labor cost. Most. is overhead and

our industry can look forward to at least the
equipment. In any case, zven if industrial R following exciting developments:
and D cost less, there are other factors which A new revolution in spectroscopy and
would limit the amount that can be done. One other scientific and technical use of light
is simply that manufacturing departments, as the laser field develops. We will gain
our sales staffs, and indeed customers can new understanding, and new mat_ritrls
ab._rb only a limited number of new products ranging from antibiotics to textiles. The
each year. To double or triple R and D output technology of precision measurement will
would be to waste part of it bumping into new also be changed by laser light which will
product introduction delays, become a working standard of length

Then why not spend more industrial money measurement in industry. This will occur
on basic research instead of development? Be- through inlerferometric monitoring of
cause, in small companies which are character- numerically controlled machine tools.
istic of the instrument industry, basic research A revolution in uses of computers cou-
is very. inefficient from the point of view of re- pied with electro-optic image transducers
turn on assets eml)loyed. This is not only be- to pormit computers to deal with graphic
cause large resea," ._groups are more productive and pictorial inl_ormation. This will per-
than small ones, but also because the exact na- mit the freeing of humans from the drudg-
ture of basic research output can not be pre- cry of performing countless tasks in
dicted. The fewer the types of business acom- which men are used purely as visuM
pany engages ih, the less clnmce it can exploit a perception machines. Examples are read-

1966008417-160



SPACE INSTRI'MENTATION IN CIVILIAN I,IFE l_;_

tug merely to tran._('ril)e, steering velficles, industry of these countries. All of these coun-

operating ma('hines, preparing and reading tries have highly educated, highly iudustcialized
mechanical drawings, a_sembling parts, producing und consuming 1)opulatiolls. When
analyzing charts and graphical data, per- I compare what I see lm_?i,ening abroad with
forming numerous counting and visual what is hapl)ening at home in our industry, I
inspection operations, conclude _hat I am looking at some expert-

In medicine, for example, autom-,tic corn- mental evidence in a gigantic social experiment.
puter 1)erfomnance, of pathology tests on What the evidence seems to show is this: the
microscope slides of tissues and smears may comiaued advance of tim standt,:'d of living in
within a decade make it economically fea- the United States over that in many other coun-
sible to do mass screening for malignancies, tries is at least ill part due to the char'tcter of

I work at '_1) American company which has Ol_."national goals over the past 20 years. We

factories, lal)oratories, affiliates, and scientific have had forced upon us, fil._t by the ('old _Vai',

consultants in many forei_l countries. I see then I)y the challenge of space, the need to pur-

the way the proce._s I have (inscribed here goes, sue expensive, large-scale national goals of a

or doesn't go, in the technical capital equipment highly technical nature.
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16. Computer-Aided Design for Civil Enginecrin
Structures

L. A. HARRIS, J. C. MITCHELL, AND ,_. W. MORGAN

Structttral Sciences Deportme.t. :ferospace Sciences, North A mericon .4 riation, Inc..

llesvril.,d ill this Iml_'r is tile deveh,pnlent by North American Aviati,ql. Inv.. ,.f :evh

liiqlle'_ f-r llll|olHatillb_ the {lesigli lll'{;{'e:s, Computers have been ll.,,ed lWedomill:intly in

the past to llerfol'lll llllll]3"._i._. This ,'oilv,i(les with tilt, de_igller'._ lli._iorit- in_siti-Ii of de-

sigllill_ by _u{'ct'ssfllI :/nalytit'al iteration. TeehlliqlleS are des(.ribed by whi(.h the dt.:igll

iteration process is systematically programmed for .,.ohl|ion o1| i1 high-sl)eed digit;d c.m-

puter. Tilt, result is that more ,'ealistie tle._ighdecisions relative to _trw'tural l_,rf-rm:u,'e,
vest. ;Hid schedule ('HI!I_.• made. Computer-aided d_sign would allow tht, q'ivil engineer ,_,

improve design dec isions by having availalde a lartwr lll;i.-,s of trade-off data alld llllt_-

Itlati("llly l)rodH(.t,(I dl'awillg._. The engineer illptHs Ihe desi/_li requirenlellts all(l Itl:lkt,-

sy.-hqllati_, variatiolL,; ill structural uoll(.eltt, materials, alld dt,sigli detail. The olitDill i',

a "_e! (.f dv._iglis whi(.h lilt'el tile Iterforltlall(.e requirelllellts "lnd (lesigll (.,'iterin. ._,ll exalitldO

(ff tilt, aIqflivation to a multi-stage lallllt'h vehicle is de-t'rilled ill th(, text. The text [liel!

i!hx,tr,it+..,, h,w these ._amt, ;e('hlli(llles uould be used for civil eilgille(,ring structures.

Until recently, s('ient,.io and engineering uses in expressing the design prol)le:u parameters

of the computer have been restricted almost ex- in their required form. Therefore. in or([er to

clusively to the ta,4_ of analysis. This is true efficiently use the computer as a design tool,

in civil engi,wering structures as well as in one must find techniques for aualysis whi('h per-

aeronautical structural eugineering. IIisiori- mit ral)id svnthe,,is by iter:ttiou. A com'epi

cally, I)y virtue of e(lucaii(m and practice, engi- for :uch a 1)r_)ct,ss has lleen (levehq_ed as part of

neers have generally ('on(hwie(l a large l_ortion the I:_dependent Research and l)evelopmeut

of the design l,ro(.ess 1)y 'umlyti(.ai iuvestiga- Program at the Space au(1 Iuformation Sys-

tions. That is, for a given stru(,iure, the engi- terns Division of North American Ariation and

neer can determine the .,,tresses ulid','r the ('ivil l,]ngineeriug: apl)li_'ati(ms of the

applied loads and _'Oml)are them to some ,_llow- technique are di.'-eussed in this l)aper.

able criteria. The criteria are usually defined Engineers have l>rogressed ral)idly in the

by al)plicalile civil engineering and/or 1)uihling transition from the desk cah'uhltor t_) the me(I-

codes. Thus, the design l)ro('es: :is llse(1 ill iuost ern high-sl)eed electronic (ligit:tl <'Oml)uier. In

fiehls of engineerilig is 1)asi(,ally ()tie (if (lesigii tilt, l)r(i('ess, the tyl)es of lil'(411elll,_ ilia! can lit,
by sile('essive ilerliiion rather lhali design 1)y the solved have lievoilie in('relisillffiy ('oliillh'x. ])er -
direcl sohlli(lli (if SOllle ehised f(irnl e(llllltiOll }lilliS Olle of the hesi exilnilih,s (if this is llie
t,|llii, exl)re_ses lhe ])i'inliir3" design l)i'olilein, li eurrelii. ('lil)illii]il 3 to s(ilve with rehilive ease
is illl]ikely lhl/l Ibis lirol'ess will ('hlinge in tile large nunlliers (if SiliiulllUleOliS equiltiOliS in liie
:lear fllliul'e heeiluse (if ditth'ulties enoounlered order of :l(ll) to [ilili. _IVhereils, <)il])' al)oill il

s._:
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decade ago, the solution of such a problem in- tages of alternate solutions are made apparent
volved a large amount of desk-calculator corn- to the engineer.
putation, and the size of the problem was
severely limite(1 to a sixth- or eighth-order ma- DESIGN
trix. As a consequence, it is now possible to Design is the process by which a configura-
solve a large class of problems which previously tion is evolved to perform a set of specified
were not capable of solution. However, the fu',ctional purposes. This can be shown graph-

utilization of the computer for this class of icaliy in figure 1. The design process beginsz
problems is not the subject of this paper, with a performance requirement for a struc-
Rather, the subject of this paper is the utiliza- ture and ends with drawings and specifications.
tion of computer capabilities for the generation In the aerospace industry the design process is
of data that aid the engineer in making design initiated by a mission statement, performance
decisions, specifications and applicable criteria. If the

In the aerospace industry, design decisions .¢tructure is 'very simple, it may be directly
are generally based upon considerations of per- solved in terms of the design parameters, in
formance, schedule, and cost. It is necessary, which case the requirements are directly input
therefore, in the design process to obtain as to the computer to obtain the desired solution
much data as possible on alternate design pos- of the design problem. For instance, if the
sibilities in order to make a knowledgeable se- problem is to design a circular cross section as

lection. One of the principal measures of an elastic column to withstand a given load

performance in the aerospace industry is with a given leng'th so that the structure will

weight. It is desired in most cases to provide be of minimum weight, then it is possible to
solve this particular design problem explicitly.the greatest payload attainable for a given sys-
In practice, however, most structures cannot betem. A consequence of this is that weight is a

key item of study in aerospace vehicles. Re- designed in this explicit fashion.
Because of the complexity of most structures,cently, computer techniques ha_e Leen devel-

a direct closed form solution to the design prob-
oped for the preliminary-design weight

lem is not practical. The design process is
synthesis of vehicle systems which answer some

of the performance questions and can be useful therefore based upon an iterative method in
which the designer selects a configuration,

in the development of data regarding cost and

schedule. The example which is considered in I

this paper is the vertical-launch vehicle. As _E_OIREMENTSPERFORMANCEM_ER_AL_E_,,WORI CONSTRAiNtS

will be seen, it is possible to mathematically de- ICONTROL FUNCTIC, N5 M/ £ERIAL AND

scribe the analysis "of such a vehicle in a STATEMENTS OF MATERIAL, DESIGN
PERFORMANCE HISTORY LIMITATIONS

preliminary design sense and to make system- _ENVIRONMEN_

atic variations of conditions allowing the deci- L / ]
sion-making process to be based upon a much 1 v I I

iarger volume of calculated data. In the past, COMPUTER,.tDED/[
designers sometimes had the solution to a lira- DES,ON tlited number of discrete designs, whereas today _E_,GNSYNTtIES_

it appears possible to provide a much greater ] I

knowledge in the form of preliminary designs I I

and applicable parametric trends in the design DE_,GNE×NI_IT / I MER,T

area_ of interest. J [ FUNCTIONGENERAL CONFIGURATION

The singlt, premise upon which computer- ,ETAX_Or DESZGN IEVALUATION DISPLAYS

aided design becomes feasible in the above
I

sense is that key decisions may be more efficient- Fiovm_ 1.--General logic flow o/ computer-
ly made if design advantages and disadvan- aided solution.
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analyzes it; selects another, 'm:_lyzes it, a third, is a representative sketch of such a vehicle, and

a fourth, and so on. The cost, schedule, aud defines the principal geometry of a multistage
performance implications of the alternate struc- launch vehicle. Figure 3 presents the principal
tures are then evaluated. Ill the case of the steps in the design i:rocess for such an aerospace
aerospace industry, the interrelationships of vehicle. The de3igT,er st_s with a statement

the various dependent functions are extremely of the mission requirement which inch;dos spe-
complex ,_r_ the calculations become mare- cific performance specificutions. In the case
moth. Howcver, in a preliminary design sense,
many simplifications can be made, and it is pos- R
sible tc conceive of techniques which permit the

computer to generate a great deal more data
than the engineer generated formerly, and to
display them in tim form of drawings, specifica-
tions, bills of materials, and parts lists.

To further indicate the distinction between

analysis and the design process, consider again
the case of the column. In the case of analysis, =
the total geometry is known, the load conditions 2. _ J
are known, the material is given and it is nec-
essary only to analyze for the stress, deflection,

and/or buckling under the given-load condi- _.::.._
tions. In the design process, the geometry of --,_
the column is not initially known. The per- LJ
formance requirements of the column are given _ _
and the design problem is the gene*ation of a
feasible structural design which must meet some

cost and schedule requirements. In the case
of aerospace structures, the number of variables

is so great that it is inconceivable to provide a _ --
complete solution for the preliminary design ---

portion of the program. As a consequence, ap- _"r_r "'_
proximate analytical techniques are frequently I..I L.IL1
used. For example, in the case of stresses in a f - "
plate element of an aerodynamic surface, ap-

proximate equations may be used and sol,red
explicitly for tim preliminary design problem,
whereas once the configuration is frozen, very
accurate detail analyses are conducted.

DESIGN OF AN AEROSPACE LAUNCH VEHICLE

As an example of the design process in the ---
_rospace industry, consider the specific ex-
ample of the vertically launched booster. ]'he

problem is tc design a booster with a maximum --I-I-*"

payload consistent with currently available

rocket engines. I'_ this example, the designer . _

is given wide latitude regarding the geometrical

configuration of the overall vehich, as well as Fmvm: 2.--Representative sketch o/lau_zh
many other aspects of the structure. Figure '2 vehicle.
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I MISSION AND PERFORMANCE R_:_UIREMENTS

MISSION CONSTRAINTS

• Launch Mode •Eng'me Thrust
$Required Maneuverability • Load Factors

• •Reli.ability • Environmental Factors
• Cost •Material Behavior

BASE POINT VEHICLE CONFIGURATIONS

$Size • Design •Subsystem Analysis

• Loads • Temperatures • Weights

• Pressures •Stress Analysis • Mass Propertiez

SELECTED VARIATIONS AROUND BASE POINTS

+
FINAL VEHICLE DESIGN-SELECTED UPON

MAXIMUM PAYLOAD WEIGHT CRITERIA

FiorraE &--Principal step._ in, aerospace vehicle de._ign p,'ocess.

of a launch vehicle, the performance speciflca- is varied about the preliminary configuration
tion may require the placement of a specified until a vehicle results which satisfies the design

weight into a given orbit oriented specifically requirements. Actually, a true maximum pay-
with respect, to the Earth. There also may be load vehicle is seldom found b:- conventional
specific requirements relating to load factors, design methods because of the nmited m_mber

maneuverability, and reliability factors. En- of cases that can be treated by hand and the
vironmental exposure factors must also be speci- small number of vehicle configurations that. can

fled. In addition, other data are generally be evaluated.
specified for the launch vehicle, such as the Most often, in the initial phases of a m_jor

vehicle launch mode and engine thrum. The design effort,, a small group of key, senior per-

launch site is usually specified, as well as the sonnel will apply their combined capabilities
desired orbital characteristics. These reduce and intuitive judgement in the development and
the number of considerations the designer must ,Lssessment of a number of candidate c_nfigura-

evaluate. With these given design conditions, tions. They are often restricted in their con-
preliminary analyses are made to establish the siderations by time limitations and incomplete
approximate size of the vehicle. Preliminary parametric trend data. Once the general con-

design drawings are produced, and a prelimi- figuration has been selected, however, it is then
nary structural analysis is performed to deter- possible to accomplish the preliminary sizing,
mine whether or not the vehicle as shown the loads analysis and the preliminary design-

satisfies the requirements of the mission specifi- stress analysis for all components of the vehicle.
_. cations and design criteria. If not, the design This effort will result in the definition of a total
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vehicle from which the weight ca,, be deter- relate ,he various analyses and accoml)lish tile
mined. In most design practices it. is possible opthnization of the stage-mass fi'actions and

to investigate only a limited m',:ber ,)_ :adivid- print-out calculated numbers, as well as provide
ual cases during this prelimin tI'y-design period, profile drawings of the vehi('le. The 1.:ey to

The concept of computer-aided design pre- successful veight optimization is the establish-
sented in this paper utilizes the s'lme flow of data ment of an iteration loop that will control all
[_u_,allows the designer to consider hundreds of design structural and system data within the

cases in the same time that ne previously in- program. Because in weight nunimization the
vestigated a very limited m]mber, perhaps less stage-mass fraclion includes all system and corn-
than half codozen. The analytical techniques ponent weights, this is a 1._gical parameter upon
used in computer-aided design can be stated which to iterate. The stage mass fraction is

concisely in mathematical form and coded for defined as the usable i).,opellant weight of the
efficient solution by high-speed digital comput- stage divided by the gross weigilt of the stage.
ers. By so doinl_, the desigaaer is no longer re- Figure 4 illustrates tlm iteration loop used in
strictad to somf_ half-dozen configurat, ions for this program. Iteration in the r:rcgram is ac-

evaluation, but m'_y look at hundreds of alter- complished by stages. Since the sizing sub-
nate solutions during the same time period. As routine starts with the first stage and works to
a conseql_ence, he is more likely to design a the final payload of the vehicle, the stage-mass

higher payload vehicle to meet. the balanoe of fraction is iterat,'d on the first, stage which re-
performance requirements, as well as a vehicle sults in a c,angc in load capability above the
that can be fabricated on schedule for the de- first stage. When requirements have been reel
sirec: cost. the prog:-am taen jumps to the second stage,

iterates on the mass fraction of tl, ; second stage,
VEHICLESYNTHESISPROGRAM revising the capability above the second stage

An e_ample oI the computer-aided design and continues up the entire vehicle until the
concept is the NAA Launch Vehicle Weight final-payload weight has bee" ,ieteL'mined. By
Synthesis Prozram, which was developed for using this method of iteration, design numbers
the preliminaly design-weight synthesis of mul- and design equations for each individual com-

tistage launch vehicles. The program is initi- ponent in a stage ar6 cycled to a minimum

ated with computer inputs rela', ing to perform- weight.

ante, specifications, and design criteria. The T'-e inI_ut to the sizing subloutine consists of

program computes the weight of individual total stage _lu'ust values, stage thrust-over-
weight rat.os, ( stimated tank diameters, desired

structural components, tank pressurization sys- length-over diameter ratios, useful propellant

terns, propeilant systems, and insula'ion systems ratio of the stage (which is _ssociated with the
for each sta_e of the vehicle configuration, t,rajeetory information), estimated stage-mass
Other system weights, such as propulsior,, flight fraction: bulkhead geometries, propellant den-
control, guidance, electronics and instrumenta- sities, ullage factors, the position of the oxidizer
tion packages, are handled as input numbers. (whether it is in tile forward or aft tank), en-

The program provides '_ rapid means of opti- gine weights al,.d thrus*s, engine centers of

mizing structural weight, including associated _ravit 3 and inertias, and tl_e type of final pay-

geometry weight penalties, lozd that is being analyzed. The vehicle pay-

The program is ilblstrated by block diagram load may be a baUistic-type, a winged-vehicle,

in figure 4, and consist_ basically of a sizing or an Apollo-tyF,_ pa._load. The output of the

subroutine, a loads-analysis subroutine, a tank- preliminary sizing subroutin_ consists of a tab-

pressure subroutine, various stress-analysis sub- ulation of the coml)lete vehicle geometry and

routines, and a detailed weight-analysis sub- itzcludes stage length ar:l estimated weights,

routine which includes system analyses. In centemof gravit, y, and inertm of all components

addition, subroutines are b',,,auded which inter- and systems. These lmmbers are preliminary
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_. Prel_ Siting

Inpu_ _tputs
Venicle Thrust ° Estimated Stage _iameter Geometry

Thrust-to-weight Ratio . Propellant Densities Weights
Stage FineJ,ess Ratio . Bulkhead Types Centers of Gravity
Performm,ce Y_ss Ratio . P_gine Thrust-to-night Ratio Moments of Inertia

Stage Mass Fraction

, II. Loads A_zi s
_ outputs

_.g Lift Coefficients Gimbal Angles . Hydraulic Pressures
Load Factors Ambient Pressumes . Ber_ g Xoment and Axial Load

Angles of Attack Engine Gimbal Force . Shear
Dynamic Coefficients . Accelerations

I I
III. Pressure Anal_sis IV. Stress At_sis I

!

Teaperature . Thickness, areas, I
NPSH Requirements . Desxgn P, "._-_res _ }lateri_ Properties spacings,
Line Losses Construction T_pe density of I

Material Type structural |
components I

I
. Pressurizatiom System Separation System Stage Mass Fraction
• Insulation ThruSt Vector Control Optimization by Stages
• Propellant System Equipment

• Anti-slosh & Vortex Systems Trapped Propellant 1

[VII • Final Vehicle P_yload _eight, 1
Stage Neights and Cost Weights

FI6URE 4.--Vehicle ._.qnthesis program.

Estimates and serve to initiate the cycling of forces. The tank-pressure subroutine the:
the prognun, computes vapor pressures, ullage pressures and

The loads-analysis subroutine computes hy- ullage plus hy_Iraulie-heaxl pressures for all re-

draulie heads, bending moments, axial loads, quireddesign poims in thestages.

simar values, aeceleration numbers, and inertia In the stress ,.malysis subroutiqes, the nmterial

and center of gravity check numbers for all the lwoperties :,re selected for the input estimate.d

load stations and for ever)"point considered in temperatur_ that is associated with the p,>int
the trajectory. Inputs required fo, this sub- being considered in the trajectory. Other in-

ro,,tine include the output of the sizing sul)- puts are pressures, geometry numbers, axial

routine, winglift c_flicients for the paylead, loads, bending moments, shear values, accelera-

drag coefficients, load factors, angles of attax.k tions, constructio,l indicators, material indi-
at mid-boost and end-boost, gimbM angle re-
quirements, a,ni)ient pressures, engine-actuator caters and the particular subroutine indicators.
forces and momentarmof the actuators. The Methods of construction include monocoque,
hydraulic pressures from the loads analysis stiffened, sandwich, waffle and filament-wound
subrovtine are used in the tank-p,'e_ure sub- shells. Typical outputs of the stress-analysis
routine along with net-positive suction head subroutines consist of stringer and frame areas,
requirements on the engines, esimated line stringer and fram6 spacing, facing sheet and
losses, ambient l)ressures and acceleration skin thickness, core cell size, core thickness, core
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density, wallle equivalent thickness and frame ante requirements may include tile mnnber and
areas, width of traffic lanes, magnitude and distribu-

Press,:rization system amdvsis utilizes the tiun of all in,pond loads (static. dynamic, aero-
pres,sures from the pressure subroutine in de- dynamic, seismic), and arterial-approach greom-
termining the system weights. This design also etry. Material behavior properties may include
considers the e'i'ect of stage length in determin- viel,l and ultimate lmJl)erties, st rengtil /density
lag weights cf tl.e associated phunbing system, relationshil)s, elastic density relationships and
Insulation analysis Lisesareas derived fro,n the corrosive-resist:ms ,'ha;-acteristi('s. Constndnt
sizing subroutine and input teml)erature num- functions may include minimum clearances
bers to determine parametrically the weight of below the bridge, nmxirmtm allowable profile
lvquired insulation of various st,'_gecomponents, gradients and applicahle specitications, for in-
Fuel-systenlanalysisdeternfinespropeilantflow stance, the American Association of Stat*
rates from 1;urning time, and based on design Highway Officials"Code.
allowables, (te¢igu l)ressures, and engine feed- The _ope of the investigation may first m-
line dian:eters, weighs out a minimum weight elude a review of the general configurations aF-
propellant zystem. Trapped propellant is ca!- plicable to tlle i)articular service regime, span
culatexi for the stage using NPSH requirements, length, and foundation conditions. Outlin,_
sta_ _ometry, propellant. Him diameters and of general bridge concepts are shown in figure 6
bulkhead aspect, ratios, and are based upon various types and combi-

The program provides automatic print-outs nations of types of trusses, such as deck pratt,
of weight, mass property, and design data in- through pratt, deck warren, and inclined chord
cluding a profile draw;ng of the configuration, true. Within each configuration investiTa-
Figure 5 presents a typical automated drawing, tion, the preliminary review should consider
Weight data is also automatically provided in the effects of _ariation in principal design
cost analysis formats, parameters. The investigation of each candi-

This program provides a means of analyzing date configuration, for example, simuld include
all load conditions in a trajectory and can pri,_cipal variations in tru:-_s-framinggeometry,
select minimum component design weights. A pier locations, deck-framing concepts, founda-
complete definition is provided automatically of tion concepts, approach ramp effects, material
the minimum-weight vehicle system that can be usage, maintenance concepts and related
designed within the input parameters. In addi- problems.
tion, the stiffened-shell sections of Z'nestructures The display of desig'n data may include a
are described by pr:,nt-outs which define the graphic ¢enterline profile of each bridge iriDes-
material used, skin gage, areas of stiffeners, and tigated, with cross sections at specified stations.
stiffener spacing in both the longitudinal and Gradients and e!evations n:ay be printed out at
circumferential direcdons. The efficiency of all significant points, in,.luding grade transi-
this procedure is illustrated by the fact that it is tions, superelevations, drainage requirements
possible to syntllezize a four-stage launch vehicle and c;:rh requi,em,mts. Dimensions all(! pnsi-
system I)y this prot'ess m _en minutes of ,'ompu- tiol_s of all structural members may be auto-
ter time. The same problem done by hand madcaiiy tabulated. Horizontal, vertical and
would take many man-months of detailed effort, torsional rigidity properties of the bridge may

l)e tabulated for all signihcant dasiga_positions.UTILIZATION OF COMPUTER-AIDED DESIGN TECHNIQUES FOR
CIVIL ENC'INEERING STRUCTURES Bills of materials, weight statements, excava-

tion cui)ages, foundation cubages and other
IlridgeDesign related data could be approximatel) labulated.

Consider the case of a bridge to span a given From these data, material costs, excavation
distance and to provide a given trafflc-flow costs, fabrication and erectiou costs, al_dmainte-
capability. Before the design can be initiated, ha;tee and operation costs can be cah,ulated.
all applicable criteria must be established and Based upon the above data, :m ov,erall merit
the design constraints defined. The perform- function can then be expressed for _mchcandi-
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Fmure: 5.--2ypieal automated drawings.
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....
(A} CONTINUOUSTRUSS qB) SUSPENSION

(el CONTINUOUSTRUSS IDI ARCHEDCANTILEVER

IE) CONTINUOUSTRUSS. CENTERSPAN SUSPENDED IF) CANTILEVER

(G) CANTILEVER (HI CAKITILEVER

Ill CANTILEVER (J) TIED ARCH BRIDGE

IK, CANTILEVER (L) 1HREE-HINGEDARCH BRIDGE

FmURE 6.--Represer#a, tiee bridge configuration, available for eval._uttion.
795 453 0-66--II
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(late design. ()lie such merit function is a figure other than flle much-u_d spherical surface or
which expresses the total cost of ownership and ellipsoid. Common variations ill domelike sur-
operation per year in terms of vehicle-ton ca- faces are shown in fi-mre 7.
pacity per )-e:_7 Such an expression must in- Given a certain volume of requirement, a

clu-le all items which are functions of candidate specified range of height-to-radius ratios, and a
:!esign change, statement of environment and lea ' conditions,

Using tiffs general design approach, the engi- tile computer-aided desig'n investigation can be
t near may inl)ut data one day for several hun- initiated. One of the most sensitive parameters

(lied alternate bridge designs. In some cases, in this t.vpe of study is the geometrica, relation-
in_tnlctions to the computer may be written ships of the space-frame configuratio;L Trade-

which enforce step-by-ste 1)changes in si_aificant off trends are affected gTeatly by length of fram-
parameters, provided the merit function is cot- ing meml)ers, total number of joints, members
resl)ondinglyimproved. The nextdayhewould inter_ecting at a single joint, relationsl,ip of
receive from the computer the solutions to tile member orientation to load direction, stand-

design problems for those several hundred ardizat.ion of member details, dista act, between

bridge configurations. The engineerthen would upper and lower chords, roof-purlin arrang'e-
be in a position to make a rather complete study ment and type of roof dec.king.

of tile various configatrations available for t.he The use of computer-aided desi_-m techniques
design solution, parmits the study of wind-load distributions,

Designof FreewayInterchanges etToets of perimeter discontinuities, thermal

Use of computer-aided design techniques stresses and irregula.r load and support eondi-
should also provide economic insight to the tions. The determination of the most econGmi-

study of complex freeway interchang_s. Prop- eel framb_g geometry, when combined with non-
erties of standard lfighway bridge constructions, staudard performance or support conditions,
as functions of load and span_ could first be in- often constitutes a sizeable problem. Computer

put to the computer. The specific interchange techniques have been developed which analyze
boundary conditions and performance require- sp,'rce frames of this general type by use of the
ments may then be input. Various candidate principle of minimum-strMn energy. In addi-
geometries of highway-centerline intersection lion to the geometry and wind-load inputs,

conditions and their corresponding limitations structural parameters sueh as moments of in-
are also specified to the computer. The limita- ertia, cross-sectionM areas of members, and
tions would include minimum and maximum connection ri_dities are coded into the program

in such a manner that they may be easily revisedhorizontM-curve properties, maximum center-
for design optimization. These programs sumline profile gradients, and minimum clearances.

The design investigations may then result in dis- the total internal-strain energy of the structure,
ease-by-ease, together with all the interactionplays of the interchange plan, conterline pro-

files, cross sections, and quantity takeoffs. If prod,lets, thus making possible the computation

all required unit costs are. input, such as engi- of st.ruetuml deflections and influence ex)ettlcients
nearing, right-of-way acquisition, site prepare- as required. When using th!s t)pe of analysis,
lion, construction and materials, the candidate the geometrical configurations and member

concepts of the interchange can be expressed types can be iterated to obtain an overall mini-
,as merit functions based upon complete cost-in- mum cost structure. A typical geometrical

place of a specified traflle-handling capability, configuration for a space-frame dome, resulting
from a computer-aided desigax study, is shown

Designof DemellkeSpaceFrames ill. figure 8.

Another example of a design problem with The base radius and dome height arc input
a great number of variables is the space frame data. Load magnitudes and distributions were

that conforms to a surface of revolution or to specified. Various geometries were assigned for
some nonsymmetrical configuration. Design investigation. The merit function used in this

requirements may sometimez define a structure ease was defined as "cost-in-place" expressed in
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E\LLIPSOIDA.__.LSPHERICAL _-TOROIDAL --SPHERICAL

\_/ _ /

•-4 i _-- __¢
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FIaURE "l.--Ge_ral categories oJ ._'u.r/aees of revolution a_al.yzed by contributer s_,b'routi_es.
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B

SPHE_ B_8

 .5/I ,.
: ,I V :, V I;

B\_ _\ ' /'B .._" s

£ LEV&TI(_4

Fic,:,ap. 8.--Dome-/rami,,g pl,,.,developed by _ '_

com,puter-aMed design _.'h.nigues.
2

terms of enclo_d volume, ignific': ut fabri-
re_ ::ted l'ro,'n a hitch "_cation and erection saving ', _"

repetition of ]]]ember cross se<_tion, l_,zJ_t,: .,,. __ _,/"q/ hA__V__ c
end-attachment detail. In the configurati,)l,
shown, approximately 60 percent of the framing FIC,_R_ 9.--I,'reg_,lar geomeh T /or radome
members were identical infabrication. ,l._u.e frame.

The configuration slmwn in figure 8 resulted
from a study conducted at North American itive natureof the irregularly arranged tri-
Aviation, Inc., relating to qm appl:caLion of angles. The merit function in thio ca_e was
computer techniques to ci, .. structures. The minimum electroma_mtic directional disturb-
general category of space-frame construction anc_ and minimum shadow a_ociuted with a
represehied by this configuration has been iden- snecific structure which was adequate to resist
tiffed by NAA as Geolatic framing. The term tlm imposed loads.
Geolatic refers to framing systems in which a In civil engineering problems of these types,
considerable amount of framing members lie in cost tradeoff studies include the investigation of
parallels of latitude. Space-frame radomes many types of framing geometries; framing
have also been designed l)y this computer-aided member len_h/cost penalties versus framing
tec]mique. Figure 9 illustrates,_ typical geom- joint costs; various curvature possibilities for
etry selected for certain types of radome struc- the enclosing surface; weight/cost relation-
tures. The irregular geomet W shown in figure ships; air-conditioning systems costs versus
9 resulted from the geometrical pattern capa- 'nsuiation and exterior cover-costs; and foun-
bility to permit passage of electromagnetic ,h_tion-type costs remus dome-framing costs.

waves with minimum distortion. Regular Computer-aided design can be used to gener-
geometric framing patterns exerted a disturb- ate _t large number of desi_ concepts which
ing influence on the directional properties of meet the service requirements. Selection of
the electromagnetic wave. In addition, the tim final configuration can then be made on the
framing meml)ers in this design were required b'_sis of detailed cost studies, schedule, and
to develop an absolute minimum "shadow" for ,_.rchitectural considerations.

the antenna al)erture. Figure 9 also shows the COMPARISONOFDESIGNPROCEDURES
relationshi l) of rl:e framing ge,ometry to a basic Table I summarizes and compares the design
i('osahedron, and further illustrates the repet- procedures required for a selected launch vehi-
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cle, a bl .dge structure, and a specific type of engineer may evaluate tile many candidate solu-

dolue stJL.cture, tions pr,)vided by the computer. The ,ngi-

The similarity of the general approach is Beer's c_'ecision-making process is therefore

ilh,strated by the related categories of design strengthened by the additional designs available

items. In all design problems, the engineer is for his evaluation.

gencmdly provided with a specific set of per- A stu:ly of table I will indicate that the num-
forlnan(.c Panllil'elllOOt_ 111"_¢_ _.l,;,.l .... ' ....... A- , , - .................. t....... her of variables in the demgn of suspension

certain desi_l constraints. The engineer then bridge,', and domicaI structures may be some-

specifies the material properties to be used in what :omparable to those relating to lau_wh

the investigation and defines the merit function vehicles. Since computer-aided design tech-

by which lie will evahmte the candidate designs, niqucs have proven to be of practical value for

By use of ('omputer-aided techniques the launch vehicles, it is suggested that the tech-

TABLE I.--Comparison o Compt_ter-AMed De._'ign, Procedures

Launch vchicle Bridges Dome-like structures

Performance Velocity requirements. Number of traffic lanes. Specified enclosed volume of
requirements Spccified payload weight Magnitude and distribu- surface area.

in specific (orbital) tion of loads. Specified maintained en-
mode. C!-arance height for ve- vironment in the enclosed

Type of mission (yeientific hieles, volume.
vs. military; manned Topographical conditions. Specified esthetic require-
vs. upm,'mned). Subsurface conditions, ments.

Arterial approach require- Structural provisions to
ments, resist specifi, _ype, mag-

nitude and distribution _f
loads.

Material be- S_l'ength/density relation- Strength/density relation- Strength/density relation-
havior prop- ships, ships, ships.
er_ies. Elastic/density relation- Elastic/density relation- Elastic/density relationships.

ships, ships. Absorptivity/emissivity
Chemical compatibility Corrosion-resistant prop- properties.

factors, erties. Thermal insulation/weight
relationships.

Acoustic insulation/weight
relationships.

Con_tr'_int Acceler._tion limits. Feasible geometric proper- Minimum height as a func-
functions. Feasible sta_e diameters tions, tion of distance from

and finenes,_ r:,ties. Navigation clearance, dome perimeter.
Tii,.c clement for design Minimum traffic lane Upper and lower bounds on

(i.e., 1965 vs. 1970 type width, temperature and humid-
structure-systems). Applicable specifications of ity.

Manufacturing-procure- the American Associa- Upper and lower bounds on
ment feasibility of com- tion of State Highway acoustic characteristics.
ponents. Officials. Fabrication limitations.

Least cost components. Gradient limitations. Maximum construction
Manufacturing, R&D time Dynamic response, time.

scheduling. Aerodynamic response. Construction time period.
Launch environment. Fabrication limitations. Amortization method.

Recovery problems. Construction period limita-
Minimum gage restrictions, tions (time and environ-

ment).
Construction time period.
Depreciation method.
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'I'A_..F I.--(:om, pnr;,_on of Computer-A ided I)e._ign Procedure,_'--Continued

................... L;l|lll(.h vehicle Bridges Domelike structures -
Scope of design Vehicle geometric models Variatior, s in deck width as Variations in aspect ratios

investigation. (configurations). function of number of (height/radius at base).
Construction concepts traffic lanes, Variations in meridian cur-

(components). Dock stacking concepts, vature properties.
' Variations in strength- Variations in span lengths. Variations in framing geom-

density of materials. Variation_ in support con- etry.
Effects of loadings in- cepts. Variations m framing ma-

duced by various tra- Variations in profile gra- terial.
jectories, dients. Variations ;n support con-

Pressure and temperature Variations in anchorage cepts.
variations due to flight configurations.
loadings, trajectories, Variations in strength/
and system changes, density ratios of pzin-

Performance weight partials cipal structural material_
Cost ahalysis (R&D plus Variations in ramp con-

Operational). cepts.
Cost effects upon adjacent

land areas.

Design exhibit. Profile dra,vings. Drawings of bridge profile, Drawing of dome cross-sec-
D_sign sketches, cross-sections, and eleva- tmn.
Component detail sketches, tion. Three-dimensional coordi-

Master dimensions. Detailed geometry of corn- nate values of all space
Parts lists, ponents, frame joints and other
Cost analysis weight state- Horizontal, vertical and significant positions.

ments, torsional rigidities of Internal loads and stresses
Detailed weight state- bridge sections, in all merrbers.

ments. Dynamic response proper- Load deflection of all sig-
Performance weight state- ties. nificant joints.

ments. Aerodynamic response Aerodynamic response prop-
Detailed geometry of corn- properties, erties.

ponents. Parts list. Excavation ,',,nd foundation
Design conditions (loads, Excavation and foundation costs.

pressures, temperatures), costs. Material costs.
Evaluation logic in selec- Material costs. Fabrication costs.

tion of candidate vehicle Fabrication costs. Erection costs.

evaluation curves). Erection costs. Maintenance costs.

Maintenance costs. Operational costs.
Operational costs. Total construction tbne.
Total construction time.

Merit function. Cost per pound payload in Cost per year of operation Cost per year of operation
specified earth orbit or per vehicle ton capacity, per usable umt enclosed,
space trajectory as a operating in the spe:;hed
function of number of environmental condition.
launches within particu-
lar time period.

tuque may also be useful for civil engineering aerospace industry. It is ,believed by the au-
structures, thors that similar techniques can be used for

the design of sizable engineering structures
CONCtUSION such as bridges and domes. The use of such

This paper illustrates the application of the tec!miques should result in the development of
computer to solving the desigql problem in the more efficient structures at lower costs.
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J7. LenlicuJar 31ere )scolnc Television

CHARLES WHITE

Human Factors I, aboratory. _P.4C(L Incorporated

Air ()hi Ol)li('al h,vhni(lu(, u,_ilizih-:' ,.vlindrical ltqls,os lists Ii(q,ll mhi.),tcd to (lyll;llllic dis-

plays, with 1):).rti('ular reftq'(,]we l() tt,h,vi--ion. ']"tie t(,('llniqll(,,.. BilBo alpply to Illolioll l)iclllr( ,

]lh((tOgl'_ll)hy |Ill(1 l)roj('t'lioll. "l'v_o (';1111o1'_1u flll(l _lll (,hq.trC)lliV ,-.wi{t,h HI'(, l'-qtlir(,d to l)l'o(hl('e

lhe television pi(.tur(,. The tel(wisicm {lib.lilly il..vlf is a fiat-faced ('ath,)(h fly (uh(., hut

lh0 eff(.('l of (he l(q]ses ill front ,ff lhe (lispmy is to ('arts(, ea('h ,,v(, to view Dilly 111o..(, poi'li_)i,,_

(d' tile piVtllre Ilia| w(q'(, d(q'ived fl'Oltl i'ho al)l)r(q))'iate TV C;lllllq'H. Thlls lilt _ vit,w(q" .,.ei's

• what ho xV{}ll|(| si)f, if |lP \vtq'(" loo1¢illt£ at a thr(., dinlensional lWe,-t,nt:ltion, and hi-, brain

,qlt,refol't, vi,,.llalizI,s lh(, l,l't'.'.('ILialioll n.'. btqll,_ lrlll 3 tbl'pe tlilut'llsional. 'P).Jc litnihllicni ,,f

the original t.onu(,pt, fllld hlti, r c(mt.epts whir ;' tlo not hart- ltll,se h_nihttioli.q _lg( _ pr(,sent,',l.

tin examinin_ the v:u'ious existin_ type. of lense-, fig. 1) t,) each pair ,,t' >_ril)-. l)ue t,)
two-dimensional aliBi)lays (hat ,_,ave the .-en.,a- leftq(,-ri_rht reversal by _he len.-_'s, each -trip
tion of liein,_ {hree-tlinu, nsi(mal, 't sir}king lmir _(usl be reversed l,.',_i-to-:'igh( on tile
similarity is noticed between ientimdar prt,sen- picture. The position of the lm_ses is :m'h that
tation and standard TV practice, lhe im:tge plane is at or p_ear the focal h,ngth.

l,entimdar meahs"lens-like" aml a lenlimdar This uo_tdition is ,alled collimation. Thus,

screen ('onsi.qs of many lenses parallel nnd ad-

The pie(ure for lenticular prese_)tation (',re-
sists of many ver(ical s(rips, with s(rips altm'-
hating a('ross IlH' screen, lef(t() ri,,z'hl, ard be-

loll_ill o' it) |lIP view lo }m SPPII 1))" _1 p:l.l'li'.'ll]:ll' PLANO-CONCAVE PLANO-CONV_X

eye. Television pi('tu_vs .tmsist of many

nearly ht)riz()nlal lines: with allPl'llatO lines lie- .1_..-____.----]-_ UT-------"_.

longing (o a i)nrlim_hu • tiehl. _. , \
The fiehl of a TV svst(,,n ('onsists of every

other line. Two interlace(l fields constitute :t

frame ()r l)i('tur('. Ea(.h livid l)()ssess(,s a rerti-

cal-syn('hroniz:di()n l)uls, ,, amlii;,.'u()usly (,_llh,d a DOUBLECONCAVk DOUBLECONV[×
frame syn(' pulse.

A slere°s':°l)ic televi"i°n l)resenta( ;°" ('a" ')e "7-71_
m:',(ie !,v maki)o_" (he ((,h, visi(m pi,'( ur,,, ('()nsi._i of

ver(i(.al lines, ,'!)erna(ing the fi(,Ids fr)m two

TV enmeras, and l)la('in,z a h,nti('ular ._:('reen in o_,,,_xoCO_CaVE CO_C_VO-CONWX
front of (he viewing picture (ul)e. The lenti('-
uhu' s('reen ('onsists of vet(i, al-axis ('ylimh'i('nl l,'_,.tm.: 1.--('.,,l;,d,./ca/I,',._' r':,_liff,r,_//(,,,._'.

ldl
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:ion increa_s as the numl)er of vertical strips , _ _ I ! ' "

- ,If !' I : I .
J I

and associated lenses increases. ! _ I _ I i j
PICIUIIE • PICTUllE It

! LENTICULAR STEREO PRESENTATION _Fot LtFT tTv _FORm¢.r rYE)

The"e is one basic premise to stereoscopic

'. I_'_n'_cn'ati,m: the twoevesmust not see identical ,r-r I I i I I I I .o._%%_L_c_gI'°L"o.* _ ! '' ,l=l.

l)icmres. A vertical lentic_'arscreen, co, lsist- , Ii'_''"_3"'i'l"_ 5 ,'_l ] ,E_,,n,_E,S,
ing of vertical-axis cylindrical lenses, when _ ' ' I- !llij i
,,_,I with an i,nage ph,ne at or ,,ear the focal i I I i i
plane of the screen, will cause one eye to see only cN,,,°,,_,_,,
certain vertical strips of tile image plant, and n:_,,,:,,,,,,,,, tu,_tso_uT,o.

the other eye to see the other vertical strips. If i.!.l[j,i].[[lii!,l,[iii,] 4 tit Rt_llilESttltHSlt$

the image plane consists of alternate strips from
two pictures (fig. 3), and the strips are prop-
erly alined with the lenses, each eye will see only

l)ortions of one of the pictures. If the pictures FIGURE 3.--Simplified len.ticular-prcsentat/on
were of the same general view, but one was
takell with lateral displacement from the other, picture generation.
the viewer's mental 1)rocessing will tell him that
lie is viewing a three-dimensional picture, a television picture. The lentieuhtr screen con-

There are a iliilllbel (if ways of producing a sists of one vertical-axis cylindrical lens for
leuticular stereoscopic television presentation, eacia pair of lines i:l the raster. The standard
These will be discussed below in the order in television practice of two fields per frame must

which they were conceivcd. All require a be used. An electronic switch toggled by ihe

minimum of either special viewing optics on a frame synchronization (sync) pulse combines
_j camel a, or a l)air of cameras to generate signals the outputs of two cameras into a combined pie-

derived from two viewing positions. Lure. Toggling is the changing back and forth
between two conditions or inputs upon receipt.

tenticular StereoscopicTelevision---TypeI Of a stimulus. The result is that each eye will
The simple approacb to lenticular stereo- view ahernate frames on one screen.

scopic television is to use a vertical-line raster. Note that both the cameras and the picture-

]_ The raster is the t)attern of lines that makes up repro_tu(.ing devi,'e nlust use the vertical-line
raster and are therefore incompatible with

pOiNT LINt

• , National Television Standards Committee TV

equil)ment.
There nmst be one lens in the lenticular

/ screen for each pair of vertical-scan lines.

_ l lj4 1 : _:ll_:' :l:'t " Therefore, the horizontal i_solution is limited,.: ..,._....: to approximately 121 lines when the NTSC
_:"['I : I' : [ 1"......' ;'II stand.u'd-raster format of 485 usable lines is

._.,,,,_;:! t, ,,, ", ,', ,I;":', , tenticular Stereoscopic Televlsio_Type IA

,._,, .,_. .... , _.,.,,.*. One of the deficiencies of the Type 1 system
is tints the picture image remains lixed in rela-

,,,. ,**,.,,_,,,,.-,,, ,_,OF,,,¢,,,.*,,,,_L,.," t ion to the viewer, thtit is, if he moves within the
Fw,_:az _.--L,'yhl .oat/erns produced by point area of good stereoscopic viewing, lie gets the

a,d llne soureet_, u,itA a collimated lens. impression that the items pictured are rotating
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about a _'ommon axis in the eemer of tlle view- While there is no partlcular limit to the num-
ing screen as he moves. Sim:e this does not ber of lenses t]mt can be u._.'d, tim alinement
hal)pen in real lift,, this effect will lend to ln'eak problem and electronic swit,:h design become
the 3I_ illusion moumntarily. When he :lops more severe as the number of lenses increases,
moving, he again obtains the stereoscopic However, the incompatibility of the picture be-
illusion, comes better as the number of lines iJic:'ea_s.

A remedy to this situation is to present, not a If the electronic switch were to I)]eud from
pair of strips I_ehind each lens, but a continuum the right sigmal to the left camera signal, and

behind each lens. A eontimmm can be pro- then switch to the right camera a_dn contin-
(hwed l)y slml)ing the spot that l)rothwes the line ually, a continuum would be produced which
on the TV.s('lven. Whib. simply sl)readingthe would have the advantages of the Type IA
.-l,,t h,,riz.ld;,lly woulA le;:,l to produce tllis system.

effect, the best way is prohably to introduce :t Lenlicular Stereoscopic Television---Type Ill

high frequel,cy horizontal si_ml whici_ would The problem of ali_lment of the lenticular
::!l._w selective lu.i_htness avross the scanned surface with the picture to be. displayed l)ehind

area (fig. 4). A signal inverter turned on and it can be ovarcome by using front projectocs
off by the frame syne signal wouhl allow a that prelect througil the !_.nticular screen onto
simple way of inverting iiw spot-shaping a conventional reflective screen. Since the com-

m-dulation from the first to the _cond field art. bined picture l)ehind the screen is produced by
;nfinitun_. the same screen with which it is viewed, there
tenticular StereoscopicTelevision---TypeII is no alinement problem. However, it would be

The incoml)atibility of the Type I picture necesary to use two or more projection units.
each receiving a picture from a separate cam-with a standard TV picture (due primarily to

the vertical-line raster) is a major obstacle to its era. There is, however, no requirement for syn-
wide use. A compatible system, although chronizationbetweentheeanaerasorprojeciors
more (.omi)lex, can be made using a horizontal for tim Typa III system.
raster, standard TV cameras, and a vertical- The production of a continuum on _lle reflec-
lens screen as l)efore. An electronic switch tire screen can be accomplished by slightly de-

clmnges from one camera OUtlmt to the other focusing the lenticular screen. The continuum
('ar.'-ra outl)ut qs the picture spot passes behin(1 might be particularly smooth if the reflective
tim lenses in the viewiug screen, surface were to have some depth to it for better

If the width of the lends is the vertical dis- melding of the pictures.

tance from the center of one scan line to the tenticularStereosco,aicTelevislo_Type IV
center of the next. scan line, tiffs system produces There is another solution to the alinement

equal resolution vertically and horizontally, problem of Types I, IA, and II, but this ap-
proach applies only to cathode ray tube (CRT)

_,,,,.... ,0, ,,..... _.,,,,,.**_L,,,,, displays. A two-gun CRT, whose guns are

?,:_;'_;,',_ t:,,o,,,,,, _._ horizol,tally displaced, with each gun driven by
separate camera would produce a 3D picture.

_l. _ The area of the screen's phosphor that each gun
LiNE F It01¢ BRIGHTNESS

,,,oN*,,E_* can stimulate would be limited to the appro-

7/_!/ I /1_II I flx I _, priate strips behirt and in registration with
,*,,L Io"°"'_'" t_,--'7_'-_ the lenticular surface, which might be an inte-

Ig._g_ Ig,.,_g_I gral part. of the CRT. If the two guns use a,0,,,,,, ,.,,,_,,, common deflection system, the two TV cameras

_ must synchroLiz_xl, guns use separatebe If tl:e

deflection circuitry, then each gun can use any
Fu;vaz 4._l'rodtwtion o/a cont/nuu/m from a raster, any resolution, and any scan rate de-

pair of lines by spot shalfing, sired.
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Ad,ontas., ,_ 0i,adv.,,,g.s to be a problem for conventional cathode-ray

There are many practical problems involved tubes. This ('RT would be required to have a
in implementing all of these concepts. There ve D- thin, fiat f_.ce to .get lne lenticular screen
are two main problems in l)articular that re- close enough. The first unit built (a Type I)
quire careful consideration: used a solid-fiber optics bu,dle for a faceplate

""x Picture-to-lenticular SCl'_n ali ........ _t on the CRT. Naturally. this is :m exl)ensive ap-

(2) Mounting of t'",c h_lticular.__screen at pr.-._ch. A simpler CRT could be constructed

. the proper distance from the inmge wi:h a flat l,hosphor screen and an attached
plane, lentieular screen mounted within a CRT en-

Piciure-to-lenticular screen alinement is a velope. But this desi_.nl wouht prohibit ad-

problem enly to Types I, IA, an:l II. An ob- justing the hnticular screen to aline with the
vious way to achieve permanent aliml,;v,l is to I)icture. There is no particular i)roblem in
use, photocells o_: the screen periphery to mofii- mounting a stiff lenticular screen over a stiff
tor the line locatio_.s and to provide feedback rear-projection screen for projection TV.
to correct any misalinement. A system without The resoh,tie,, for T)-pcs I and IX is not as

tele, ._,,_::., ........ _ bccalis_a serve loop must be accurate and stable to good as in standard "': " "........ :'_

within about 0.1%, that is, half a line at 525 a standard raster is used, and becau_ cat:, _ve
lines/frame. To date, this is well beyond cur- views only half of tlm information on the

rent- TV requirements and practice, screen. These systems also employ a 4 : 3 aspect
Mounting of the lenticular screen at the ration as opposed to the standard 3:4 ratio

proper distance from the image plane turns out and therefore, the picture format is less de-

TABLEI.-- 3D TV ,qystem Compari._on

Standard

blackand TypeI TypeIA T_fe 33_e '_vpe
white

Camera requirements:
Number ............................ One Two Two Two Two + Two
Modification ........................ No Yes Yes No No No

Processed signal: Compatible with NTSC___ Yes No No Yes Yes Yes

Characteristics: Number of signals required_ One One One One Two+ Two
Picture characteristics:

Compatible with NTSC .............. Yes No No Yes Yes Yes
Aspect ratio (W/H) ................. 3:4 4:3 4:3 3:4 3:4 3:4
Horizontal line resolution ............ 242 323 323 242 242 242
Vertical line resolution ............... 323 • 121 121 323 b 323 323
Relative horizontal-vertical resolution__ 1.0 0.5 0.5 1.0 1.0 1.1

Projection:
Suitable for projection TV ....... Yes Yes Yes Yes Yes No
Number of projectors required .... One One One One Two+ ] .......
Type of projection .............. Front or Rear Rear Rear Fro:it i .......

rear

Cathode ray tube:
StatableforCRT ............... Yes Yes Yes Yes No Yes

Number of guns required......... One One One One ...... Two

l)iliicultyofalinement...................... Difficult DifficultSevere Easy F_sy
Viewing angw ....................... Wide Very Narrow Narrow Wide Narrow

liar-
row

• Yla_eduponequal vertlt'_land horltontalresolution.
bA_umlnl¢that the lentieulatser_n consistsof at legit 646.
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sirable. If the picture (and camera scan) width monitor two displays and mentally conceive the
were increased to achieve a 3: , aspect ratio tllree-dimensi(ulal picture. An interesting sys-

witlmut increasing tile number of lines tile Rela- tern here might include a ground radar-derived
five Horizontal-Vertical Resolution factor computer-generated displ.ay in the aircraft

(table I) would change from 0.5 to 0.28. Since cockpit. The ground-based system would gen-

information theory specifies that 1.0 is opti- crate the signal which would be transmitted to

mum, a better al)proach would be to use m:.,'e the airl)lane and displayed without pro(.es_ing.
lines to increase the width. This would deviate If the CRT were mounted vertically behind the

.,,,, _,,mar_t raster and standard vi,:,-o sigmal l)lane's instrument Irmel, and an angled, par-
practice, but there are several semi-standard tially silvered mirror were mounted above it,
rasters containing more lines. A nominal 1000- the pilot would see the disl.iay precisely as he
':-_,,_,_.__.,-'_for would provide a Relative Horizom would see the runway., With such a system,
tal-Vertical Resolution of about I.e. The Type there wouid be. virtually no transition problem

II system has a standard aspect ratio, but again from the display to ground reference at the
tim hor;,ze__tal re_,olution is half the vertical moment of getting below the overcast.

resolution. Increasing Li_ _ig:-...".'-:h:'._4-:-'d.'L Deep-sea salvage and mining is daily becom-
would i::c_,'_-,-_etl:,: horizontal resolution if the ing more practical. Most systems now en-
number of lenses was 91so increased. This visaged use a remotely controlled machine. The

would make picture-lens alinement more diffi- use of lenticular stereoscopic television as the
cult. 'Smc_ Tvne,,, III and Type 1V use a full display medium, as opposed to ordinary tele-
raster for each eye, they a_ standard resolu- vision, would _,1gre_,,,y enhance the naturalness

tion systems and use the stana,d_rd aspe,'t r,_t.i,) ,_f operation and the speed and efficiency ,_f tl_e

The Type III system is not limited to tele- remote o)ntrol.
vision usage. It works equally well for film Vector electrocardiography, a two-dimen--
s!ides and motion pictures. The principal dis- sional plot of the electrical activity of the heart,
ad,',antages to this system are the need for wide could be made more useful by plotting in three
separation of the projectors, and th,_ need for dimensions. The same technique might be use-

good anti-reflective coatings on the lenticular ful in electroencephalography, the study of the
screen. If three or four projectors were used electrical activity of the brain.
(each wit,h its own camera) it would be possible Commercial television could use Type II.
to move around in front, of the screen and look There is no inherent practical reason why color

behind objects in the picture foreground, lenticular stereoscopic television could not be

applica_.ans built, other than financial reasons.
Any three related parameters could be dis-

The most. obvious applications are those played in three-dimensional format. Since two
where the data to be displayed is three dimen- two-dimensional pictures are much easier to
sional to begin with. generate than a three-dimensional picture, these

Air traffic control is a three-dimensional display systems are well suited for computer-

problem. Using lenticular stereoscopic tele- generated display.
vision as _ display device, the air traffic con-
troller could directly perceive the flight, paths CONCLUSION
and altitudes of the airplanes within his con- There is a need for thr_-dimensional presen-

trol zone. The naturalness of the display would tations. The lenticular stereoscopic television
lessen the training requirements and reduce the systems is believed to pre_nt the most feasible
fatigue-causing elements for the controller, and economical way of filling that need. The

Ground Controlled Approach for aircraft is principles are simple, and their execution is
virtually the same problem that exists for the now possible ,.-:".,,,,t aerospace-electronics tech-
air traffic controller. At, present, GCA must niques.
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and to l)rovide t,eal-time oper:ttioual data from tern description along with details of tile test.
tile lmst-develol)n_ent vehit'les while engaged in and evahmtion of the test reslllts was subse-

the navigation of space. A continuous study (luently submitted to Wernher yon Brauu in
was made of dm various instrumentation 1960. Extensive tests of the new camera and

problems as they were pre_nted in the fighting concepts for application both on the
course of the development of the Redstone, test stand and in flight, continued until the fall
Jul)iter , and Pershing mi_iles, both as they of 1961, at which time it was considered opera-

were related to vehicle systems development, tional for the 1.5-million-pound thrust environ-
and to sl)ace navigation -_s they were inferred, ment of the Saturn booster. It was then in-

In the early l)rograms, flight times and opei_L- eluded as part. of the test program as an instru-
tional ranges were relatively short. The ap- mentation device for the Saturn system.
l)li('ation of vehicle TV systems then meant that Pictures received from this system natty be

a high picture rate was required with good displayed on any standard television system
resolut ion for the acquisition of as much infer- such as the local commercial broadcast television

mation as could reasonably be recovered during stations or any of the major television networks,
the short times involved. Commercially avail- which must conform to the Federal Communiea-
able TV subsystems were then providing a tion Commission's standards for the generation

capability of 30 picturez per second with the of synchronization signals.
desired resolution. On this and other consid- Recent single-camera, real-time pictures made

erations tim decision was made to concentrate, of such things as the deployment of the Echo I
at least ia the beginhing, on a small extremely balloon and the ueployment of the Pegasus pay-

rugged camera capable of withstanding envi- load as well as flights and separation of the
ronmental extremes expected during powered stages of the Saturn series vehicles demonstrate
flight and free-space eoasFng of the test the results that can be obtained from flight
vehicles, television systems. The pictures from Echo I,

The first complete system asse.abled included the Saturn series, and tim Pegasus were shown
an entire flight system consisting of wideband over the major commercial television networks.
transmitter, using FM modulation and a mini-

aturized camera chain capable of withstanding DESClIWTIONOFEXI$1"INGSYSI'I:M
lhe least favorable launch environment ex- The Saturn television system provides real

l)ected, which was at that time the Redstone time display and permanent storage of pictures
booster. The ground system consisted of a lab- televised from the vehicle during flight. The
or:_tory-fabricated receiver, a broadband ampli- 3ystem ant.idates all known research-rocket tele-

tier and a specially built kinescope recorder, vision systems with inherent commerical tele-
The in-house-assembled ground station was vision systen._.s compatibility, high picture

operated by laboratory persomael because of resolution, and display-analysis features. The
their familiarity with tim laboratory arrange- Saturn TV system is considered applicable to
meat of the apparatus, many other research projects where environ-

Tiffs system was the first to transmit real-time ments compe.rable to tl;at of the Saturn are ex-
high-resolution TV at, 30 pictures per second pected. The system is modulator in form and,
compatible with commercial TV system_ from consequently, highly adapted to a wide variety
a ballistic missile operating outside the earth's of layout schemes. It is divided int_) two cate-
atmosphere. It, operated satisfactorily from gories, which are referred to as transmitting and
lift-off to the optical horizon, ,'tdistance of more receiving terminal equipment.
than 320 kilometers on the famed flight of the Figure 1 shows a simple block diagram of a

monkey "Ham" on the Mercury Redstone ve- two-camera flight system, employing all of the
hicle, January 31,1961. components mentioned in the transmitting

The multiple-camera, single.transmitter sy_- terminal equipment.
tern concept was e_rolved in late 1959 and marly Figure 2 shows a simplified block diagram of
1960 and tested. A proposal including a sys- a ground receiving terminal from the para-
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metric amplifier, which is normally a portion [ t r 1of the antenna system through the monitor and [ C_E_A I I C*.ERA

recording system at the other end.
The ground-terminal equipment consists of an

•_ppropriate receiver connected to a unit called
:L decoder which separat:s the combined pic-
tures. This allows the picture originating from
each individtml camera to be routed to its own

] C,U4ERA _ VNOEO _ CIU'IERkindividual nlonitor. The viewing unit is es- CONTROL REGISTOR CONTROL
sentially _ device employed to store single | [
frames of high rate information and play them z8wc J [ 28voc

INPUT INPUT

contimtously to a given monitor _u that. the
1)icture presented will be at a 30-picture-per-
second rate, while the information received

from tlle vehicle will be at a rate lower than ,.

this, del)endent upon the number of cameras in 1 TRANSI4ITTER _ TRANSI41TTER
the system. Information is recorde(,( from the I POWERSUPFLYI_I I

]-

reeciver on _ video tape recorder and a special 28vocJ )x
kinescope recorder simultaneously with the dis- INPUT
play on tile monitors. A part of the system
allows the output from the receiver or the play- FZGVR_ 1.--Inflight e_uipment.
back from the video tape to be fed into a de-

coder unit, whicil automatically separates the

7
P' A"ETRCr  'ROA0'A"0rECEQERAMPLIFIER j

I

1
DISTRIBUTION J MONITORAMPLIFIER

'I 11 , " ]

VIDEO TAPE l I KINESCOPE j DECODER []VIEWING I

J

RECORDER RECORDER UNIT

I ' 'J[l - TI
UNIT

Fmuez 2.--Ground receiving station.
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two frames from each camera into two channels, interest for this disc_!_,_ion is the ",_:;_of the

The two fr,_mes from camera one are fed to out- portion of tile system 13'i::g within lhe dotted

put one and the two frames from camera two lines. This portion actually changes the capa('-
are fed to output two. ity of the link joining the two ends of the sys-

In the first system models the information tern. The original concept for the system was
coming out of these two channels needed to be to get the m,_ximum amount of information for

displayed. If this were fed to a simple tele- a given RF bandwidth. Therefore_the first sys-
vision monitor it would produce two frames, or tern tried was one which alter,rated tr_tnsmis-
pictures_ of information and then omit two sion from two cameras on a two-frame basis.

frames of information resulting in a 15-cy,"le- That is, the end referred to as the video register
per-second flicker which occur_'ed every two allowed the, output of one camera to pass into
frames for a duration of two f'ames. To the the transmitter for two complete pictures_ and
eye of the average observer_ this was very oh- then, dl_.ring the interval between the second

jectionCble. However_ it was decided than that and third picture_ the input to the video-register
a device which had the ability to store this infor- unit w_ transferred to the second camera, and
mation for a short period of time could be used t_: o complete pictures from this camera were
to bridge this two-frame gap when no informa- allowed to p_s into the transmitter. The video
tion was being transmitted to the monitor from register would return to the orginal position and
its own channel. Methods t¢_achieve this will allow two more pictures from the first camera

be discussed in later paragraphs, to pass into the transmitter. ]'his back-and-
Figure 3 shows a diagram of the essential forth cycling of the pictorial infc, z_nation was

parts of both ends of this syste_n. The point of received on the ground and video taped. At the

[ J I ]CAMERANO. 1 CAMERANO. 2 CAMERAN_. 3

jr ]

-I v,o oREGISTER ----

1
TRANSMISSION I_EDIUM

I
I
I
I
I
T

I RECEIVING J COMMAND,__._MEDIUM LINK

DECODER

t

I "ON'TOR"0.' I ,O,,TOR,0 2J MON,TORNO.3
Fzou_ &--Total TV sy,_tem bloc# diagram.
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same time, a kine,.'ope re('m'ding was m_de. lem of motion continuity between consecutive
These fihus would l_e viewed as individual fiehls for a given camera and frame switching

frames, as :_ny other single frame pictorial in- i.-: !:"st because of the recording of complete
formation is _lsed without reg:ud to the fact l)ictures from each c:unera.
that the inforlnation was interleaved on a two-
fl':,lne basis. DETAILED BREAKDOWN OF SPECIAL SECTIONS OF TRANSMIT-

TIN_ AND RECr_IVlNG TERMINAL EQUIPMENT

Since each pi('ture was now viewed once eve_"
_/15second, tile next step in this 1)rocess _ as to A Descriptionof the,VideoRegister Unit
eliminate tile second frame and transmit only For p::rposes of this discussion it, will be

one frame from each camera per switching assumed ihat four cameras or video signals are
interval. This meant that the motion continu- being used for transmission over t.his system.
it), could be increased and objects lmving a The heart of this system is a four-stage ring
motion rate twi('e that capabh; of being viewed counte_' (fig. 4) which is designed to rotate one

" by the first system_ could be accepted by the new position every frame or every two fields of video
system, information. The video register contains, as

Originally, each picture was viewed 2!/t times the basic timing system, a crystal-controlled os-
per second for a series of four cameras. Now cillator running at. twice the horizontal line rate,

each camera output would be viewed for 71/_ followed by a binary counter which derives the
times per second. Motion studies made of the necessary timing information to cont:'ol all of
moving parts of the Redstone, Jupiter, and the the functions of the video register. The signals

Pershing missiles indicated that the usual racy- coming from the timer are used to control the
ink parts such as actuators, separation rates vertical-drive signal, the vertical sync, thehori-

1)etween vehicle parts, etc., normally did not zontal sync, the horizontal drive, the sync mixer,
exceed a rate which could be viewed at an infor- the blanking mixer, and the reset, or burst
motion renewal time of 71_ times per second, generator.

Therefore, this frame switching system was Operation of the device is now given. Video
selected "ts the first version of the information is accepted from one to four sources at commer-
conservation transmission program and used ou cial frame and line rates. The register unit
the SA-6 developmental flight as a two-camera switches on the single frame or two-field ba_sis
system on a two-frame per camera switching from one input to the other in rotation. The

basis. The results of this were very good. output from these s_itches is fed to a video
Switching showed perfect re'itched registry amplifier where the reset or burst generator in-
with no displaced frames or disassociated fields put is introduced. This shall be discussed later.
throughout the entire recorded flight. The video amplifier sends its signal then to

Since that time, other methods of switching the t)lanking mixer, then to the sync mixer,
have been employed in the laboratory and have to the video buffer, and out of the register unit

proved feasible. Among these are (1) switch- to the transmitter. In order to keep everything
ing from camera to camera every field, and (2) in exact synchronization, the cameras am pro-

switching from ,'amera to ,.amera every line. vided with horizontal and '-ertical drive signals

The switching from camera to camen_ every line so that their inl)uts will be exactly in step with

imposes motion limitations which increase in the switcher accepting the composite video from

severity as the munber of cameras go up. How- each camera. In orde.' to provide some refer-

ever, so long as only two cameras are used, most ence point for the decoder, a reset signal is sup-

slow motion is not objectional. The field plied by a video frequency oscillator issuing a

switching system appears to t,e from this stand- single frequency l)m_t of a narrow width. This

1)oint parhal)s the most feasil)le on the basis of burst occupies slightly less than one horizontal
two ,'ameras. li,,e 'it the top of the picture and is not s_n on

On t.he basis of four cameras, field switching the receiving monitor. This bu_t is in_ected

couhi be use(1: however, again ff_ere is the prob- into the video _'mplifier as mentioned above only
7.% ,t,_3 () nh 12
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during the beginning of the first picture from taneously to tht input of each of these four
llle camera whi(']: is arbitrarily chosen as video switches. It is also fed to a unit called a,
camera No. 1. The ground decoding equipment sync stlipper w!_.ieh eliminates the video infor-
is able to find this burst and use it as :t reclock- marion from its output leaving only the syn-

ing pulse to insure that the decoder is contin- chronizatiort information. The output of the
uously locked in step with the video register syne stripl)er is fed into the other main portion
unit. Figure 5 shows a fl;g],t version for shape of the video decoder, the sync generator. This
and size comparison, sync generator provi(ies standard output timing

and sends pulses to tim four-stage ring counter
A Descriptionof the Video Decoder at the vertical-frame rate, so that the ring count-

The video decoder (fig. 6) is a device previ- er will rotate one position for each frrnne pulse
ously mentioned which _eparates the indiv'dual delivered to it by the sy1_"generator. Thus the
cameras into separate channels displaying them video switches are coml_':mded open one at a
on separate monitors at the receiving terminal time. The video swiich 1 ope".s first sending
of the system. There are two basic parts mak- one "tame of video information to a display

ing uI) the video decoder: a four-stage ring monitor 1. This switch then closes and video
counter and ,- syne generator or clock. The four switdl munber 2 opens. The informatioll from
outputs of the ring counter operate four video camera o_,is now com;ng in a,ld is passed through

switches. These switches are opened in numer- this switch to monitor 2 to be t]lSl, layed for one
ical sequence. The incoming information from frame. Then switch o, is closed, and the same
either a receiver or a coaxial cable is fed simul- procedure is followed with awitches 3 and 4 in

CgYSTAL
SCILLATOR

HORIZONTALDRIVE VERTIGALDRIVE

' t _ t t t t t t 'IHORIZONTAL[h"_ IHORIZONTAL HORIZONTAL VERTICAL VERTICAL VERTICAL [ VERTICAL

' I,o,,v'i IIo,,w o,,vII,,,wII IL I
I BUFFER BUFFER i BUFFER BUFFER BUFFER BUFFER ..

T l [ l l ! T

I BINARYDIVIDER

c_J i _
2u_::_o,' I '#:q[ I ,cou,,_,_

i,.o p.___5,,,,,,,oH L I._l__i_ T_ IMIXER I I M,J,ER 'MVpIL_EF_ER]_/IDftH ]1 S_IDT_OHII :'S II

1 , I t I I ,
I v,°o]____.v,ooou..u..

FWURE 4.--l';de_, r, ,y£_'terblo,:/" diagram,.
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_ chronizb_g gener_,tor employed in the video reg-

"-" Ik _'' ister unit at the transmitting terminal.

-_ _ "= _ ** There is one otber necessary item to insure

i'_ k_; _-_ "" P' °Pe" °l)erati°n °f this system with°ut which
_ tlle position of ttle counter in the decoder would

_" ."_ i I n°t stay in l'ht_se with the p°siti°n 'M the

counter in the transmiss;on equipment,. If this

con('ition existed the information from the

,__ ' , ' ,.ameras could be displayed or. tim wrong moni-

• _ " ',1 - _ tom. To I)reven_ :his, as was described previ-

': ous'y in the video register section, a burst
generator applies a burst frequency at the begin-
ning of the ',irst line of the first field of c..-.me;'a
I. This bu ,'_ is _iltez_d out by the burst-

generator filter in the video,.ecoder and ap-
pears as a pulse w]ioze width corresponds to the

FmuIm 5.--VMeo regL_ter, orignating pvlse or slightly less than one line
in duration. This pulse, rtferred to as ,'he reset

turn allowing one frame cor,'osponding to the pulse, is applied t,: position one of the ring
mlmbered camera at the other end of the trans- counter such that if the ring counter is in any

mission medium to pass through each switch, other position than number 1 at the beginni_l_;

The sync-stripper signal keeps the synchrnniz- of the first picture originating from camera 1,
ing generator locked or in phase with the syn- it will immediately sbift to position 1 so that

J q STAGERING COUNTER J- RE?ET
PULSE

I'ORSTIiGENERATOR SYNC
FILTER GENEP_-:'

RECEIVER
OUTPUT

i v,,o, , ,,oo r- [ ,NO 1 I I' [ NO._ ] I NO.q. I ST?,IPP:_j

1
I

r _ t _

I.o.,o,i i.o.,;1,0,,o,I .o,,o,NO.I NO.2 | NO.3 NO.q,

FIOL'RE &--Video deeod,,r.

1966008417-188



1_'4/ 8YM3POS1U_ ON TECHNOLOGY STATUS AND TRENDS

the remaining portion of this frame will pass where the i::formation could move at low rate,
through s,_itcher 1 and on to monitor 1. This a high-persistence screen is undesirable. It
is called restoration of frame registery. This would be more convenient to supply _. conven-
insures that each monir.or receives the hffonna- tional mouitor displaying 30 pictures per second

tion from=its cor_sponchng camera and should as is normally done with standard closed-circuit
it get out of step for an) reason during one rota- TV. If it is desired to view continuousiy 7.5-
tion of 0_e ring counter it will be reset at the or 15-frame per.second information, it is a ne-

, beginning of the next rotation. The maxinmm ce,_ity to have a long-storage-time tube and feed
tinie that any ohe monitor could be supplied the it a standard 30 fram_s per second as in conven-
wrong information is one fl-ame or in the case tional closed-circuit television. There are a
of four cameras approximately 1/£second. Fi_- number of ways this could be accomplished.
ure 7 shows an operational.unit designed for - A system first tried and proved successful was

rack mounting. one using a storage tube between the decoder and
the monitor. This storage tube was another-

• : OmER EOUIPMENT PRODUCED AS_ A RESULT OF mE special development by this center. It was a
.sv_t_ requirement that the storage tube have the capa-

A._ ha._. beeu explained, the information bility of being able to Write in or store one
derived from file video decoder is fed out to a single frame of information in a period of 1.,_0

: monitor for each camer_ of the originating sys- second, be able to retain th;s frame of informa-

tern at the transmission terminal. These merit- tion for a period appr0_.hing 1 minute, .und
: tors could be l_igh-pemistence monit01_ so flint then be able to completely e.,_se the picture

the retention of the image could be held for _ store:] in the tube in less than one vertical inter-

.second without any appr_.ciable smear so_10ng val whi:l, is a period of approximately 1100
as file viewed image had very low motion rate-- microseconds.

examples being plant surveillance, or slowly At the time of the need for this device, no
moving machinery. Hou e,'er, in those cases such tube existed; therefore, the tube having the

nearest qualifications was chosen as the most

K_ _ - likely candidate. This tube had an erased time
-: , • o._ about 2500 microseconds and was rework:wl

' to reduce its erase time to 1100 microseconds or

-. :,_- . lea¢. The storage capability of the tube wrz
_' • "_. ,_ _, ' " gc_rMfor periods of 10 to 20 seconds where eras-

, m_ was required at 1100 microseconds. Each

_ltltmvr_ channel coming out of the decoder would em-
( " _ plo) one of these storage tubes similar to a

• ; ,_,_ monitor picture tube. As each frame of in-
Itl_t forma' ;on came out of the decoder it would be

_'_" /q_'b fed into a storage tube corresponding to the
" _ " " originating camera in the system. The next

_- frame of iv.fomnation would be switched to the

" ' '_, -._ second storage tube corresponding to the origi-
] hating camera two. During the vel_ical inter-

._ val following the picture received from camera
:_ lmlnber 4, the storage tube associated with

camera number 1 would be completely erased,
- and the next picture from camel_ n,'mber 1

would be written into this storage tube. Ob-

sel-cing these tubes vism.lly, one could see a

Fm_RE 7.--Video decoder, small picture approximately 3 by 4 inches which
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SPACE TELEVISION IN INDUSTRY" 175

would be similar to the one displayed on the :2000 hours before there is any replacement
conventional monitor. The resolution of the rvquired.

picture was better than COlmnercial standal.:ls, At. file transr-itting end of file svste.m, file
but. the shades of gri'y ,vt,re not quite as good. state-of-file-art of came,'as is going along ver3"

In order to translate this information to a well. The size of cameras and the complex:ty :

couvention,_J monitor, a small high-l asolution is being reduced as tim resolution capabilities

camera was placed in front, of fllis rule and of the cameras is slowly increasing. There is
scanned at 30 frames per _econd. Its output al-,vays the question of how much :_esolut.ion is
was fed in turn to a coitventional monitor: lwquired or how much is t-he u_r willing to pay
t-heiufore, as the storage tube retained its iafor- for a pal_icular job. In connection witil this

mation, the _caudarv camera continued to de- subject-, this center has been engaged in the de-
liver to file monitor 30 frames per second. Tiffs velopment of ruggedized cameras for some
system was a good beginning, yeal_ as etidenced by those NOWi.'l U.._3onooard

The second generation of this approach was tn_ Saturn "ehicle. A special type of tube had
tried eliminating the optical readout so flint the to be de,eloped to survive in these environ-
infolanation was read b, to the tube eketrically nlents. Coatinuation of tills developmeut h_
and read out of the tube eleetAcally. The stnr- prod:':exl a tube which is a half-inch vidicon

,age surface in this particular tube was not visi- able to survive the Saturn operational con-
ble. This approach, fltough reaso'.lable and ditions.
accurate.with respect t-o each individual section Now in the fint, l stages of assembly and test

"of the tube, did not prove ou_ realistically when ing is a _ 'meta utilizing inte_ated circuitt T

combined. However, it is thought the basic con- of the micromodular concept for the peripheral
cept is sound and the idea has not been aban- equipment a&_ociated with the imaging tube

cloned, which is made from ceramic rather than glass,

Another mefliod of translation from tile de- and is much smaller than any other known tube

• coder to the standard monitor is by the u_ of a of tile conventional vidicon type ma(le today.
magnetic drum. The magnetic drum has the This tube has the advantages of low mass, high

capability of storing one frame of information vibration resistance, the ability to m, intain
per track per revolution; therefore, one frame
of information may be stolud upon command good resolutinn and withstand considerably
and then read out of the dlam_ as long as desired higher temperatures than any other tubes cur-

up to about an hour if ne_:essary_the signal- rently available. Figure 8 shows an artist's
noise ratio rexluction being the limit oil time. conception of the complete camera package as
The drums examined to date show that t.bere is it. might appear ready to be installed. This in-

a capability of handling two or three times the dudes all associated circuitry necessai)- to pro-
number of channels of video information per duce standard composite, ideo picture. Work
dn,n compared t,_ the description of this initial is still being ,_acried on in the area of the criti-

system. In oue ve:.'sion, tile ,.lrum itself and cal portion of the camera which is the imaging

all its a_ociated drive equipment can ha tube. It is felt that the technoloT.y of micro-

mounted in one standard 19-inch _lck, along miniaturization and photosensitive devices can

with a monitor ,and wa-,,eform monitor for ob- ultimately provide us with a sensor capable of

serving tbe various channels as they are redid producing television type pictures but having

into or out of the rotating drum. Another ver- no elec,_ron-scanning beam, and therefore, no
sion is much smaller lint will not accommodate electron gaul to w;_thstand the shock and vibra-

as many channels of information. It does not tion imposed by launch and ma::._uvering of

have as iligh a signal-to-noise ratio or as wide a space vehicles. Thia would l-are only the tern-

bandwidth, i,ut for a mmtber of practical com- perature and lm'nidity prsblem which now

inertial applications would be quite desirable, exis_ to be overcome ,s the grm';th of the art
Tl:e life of these machines runs in the order of continues.
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_ -creased there are created some problems witha symptom comparable to road hypnosi3. This
-.,_ • may be eliminted by the use of standard redun-

-_ dar,_y elimination techniques whereby all mon-
_- itors would have no display as long as there

was no moving object in the picture. The min-
nt_ an object moved in the picture it would

: appear on a screen. This in itself would be a
much mo_ practical approach to psychologi-
cally efficient use of the observers.

The curt_nt video r_ister unit could be pro-
.11 +. _. gramed externally over any kind of audio

lines available from the observation point• to
a particular plant to cause the sampling cir-

• -- _-- cuitry to stop on a particular camera, thereby
allowing continuing observance of a particular
view, if it were felt necessary by the observer.

The transmi_ion of this information from

the plant to the viewing point could be accom-
Fmtmm 8.--Mim'ature TV cam,era. plished by conventional coaxial cable and line

boosters. For a remote plant, it could be done

APPILieATION$el: A COMMERCIAL AND INDUb3_IAL by microwave link if the remote observation
NAturE warranted the expense of a low-cost microwave

link, since the bandwidths required are those
Now let us apply this technique to some up- in commercial use. The use of this technique

plications other than our space program. A
of observance over a relatively short periodfew hypothetical cases will demonstrate the ver-

satih use of this system. Suppose a compan) of time would pay for the equipment in the
has a number of plants or buildings situated saving of r_ving guards, or night watchmen, oran individual observer for each installation.
relatively near to each other. Perhaps now

they employ roving night watchmen or they In the area of commercial entertainment this
may have installed TV cameras in a central technique could again be employed in a some-

monitoring point in each building to monitor the what similar manner. In the case of covering
various areas of the plant during operational sports events of any type where multiple cam-
o-" off-duty hours. Using the system described eras are set up for point observances, the in-
here, the camera located in the plant could be formation is usually relayed to some central

combined using this time-sharing tecimique point by cable or microwave where someone
because the information usually desired in this selects the view to be used to feed the network.
case is that of the presence of undesired motion With this technique the person selecting the
ratl.,er than observance of a fast motion rate. view to be fed to the network would not neces-

These cameras could be combined and trans- sarily have to be located at. the sight of the

mitred over a single transmission cable to an- event. The information could be transmitted

other point, where they could be viewed by a over a microwave link to some remote point
single man. Let us suppose that three build- where other facilities required for the inte-

in_s are employed. The output from each grated operation of such a program were also
building could lze sent, using thi_ technique, available.

over a cable to a central observation poinL For a particular camera to be transmitted it

where one or two men could be employed to ob- would simply be nece&,._ry for the selector to

serve the entire three-plant facility. Now, it send a command by means of any hardwire line

is true that if the number of monitors is in- such as telephone to th_ central transmission
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site where the particular camera selected would offering :t ditfer_nt possible answer to tile ques-
Lc held continuously on tile feeder lille to the lion. Tile student at home could indicate his
network. The feeder lin_ could be n_ the point selection of an answer by activating one of four

of the sports event. The operator or selector buttons on a small unit connected to a special
. refeA'redto above could continue observance of FM receiver. This l_ceiver could be as_)ci-
all the other -ameras by the above means, and ated with the FM section of the TV set. Acti-
at 'u,.y time change from one camera to anotber, ration of this button would cause the TV set to
The motion continuity problem would Jiot be become a decoder and _lect only one of the four
_rious since the general content of the picture possible solutions and display it on the screen
could be observed for each camera and only one of the TV set. At the same time the audio re-
transmission line or RF link would be needed cording corresponding to this is selected by the

to accomplish this. decoder so that if the student is correct he gets
One application of this system which has al- acknowledgment plus additio:tal reasoning for

re,°'ly been considered in our own area is a link his answer and additional information. If he
between the MSFC launch facility ,?.ud Hous- has picked the wrong ans_er the picture and
ton-Control Center. This system would allow the voice associated tell him where l.,is reason-

a motion continuity of 30 frames per second, ing went astray. This system would derive its
but would have lower resolution, if it did not information from ,'t four track tape which

use. storage techniques described earlier in this would be multiplexed similarly to the system

paper. This will allow Houston to observe already discussed along with a multiplexed
many areas e_.sentially simultane,msly where audio, and fed into a conventional TV trans-
motion is either nonexistant or relatively ,ow. mitter as videx) and audio. _his multiplex sig-

Another use entirely removed from this is for nal could not. be intercepted by a standard AM
educational television. A system is now in ex-
istence which could be used over any TV or FM receive,'. This could be a great boon to
station or oemmunity TV system without inter- the educational network throughout our coun-

fering with regular progrnmming. This sys- try. The sampling rate of the information
tem would allow the teacher to present lecture would be at 7_/_,2times per picture per second
mat_riai on a given subject and then actually repeated continuously. Information could be

"1
provide self-test facilities in the home for the renewed at __ times per second. The multi-
home student. At intervals during the presen- plexed audio would be sampled at an ultrasonic

tation, questions would be shown on the screen frequency such that no loss in intelligibility

which has been divided into four putts, each would be lost or be detectable by the ear.
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19. Commercial Applications of NASA Research
in Semicondu,:/ors and Mi,'roelectronics

A. M. HOLLADAY

George C. llarshall Space Flight Center NASA

"l't_l' .'_ll('('l'g.',; t,f lilt" ;l('rtt.'-lh'll'O efl%rl dl'lg'llds .'..'really ilpt_ll oh.l-lrttlliC.-:. TPh.illt,ll-y.

:.qlid:t,i,-t. :Ira[ v,,nlr,,I. ;lilt! l't']ll[_ql tqlrl|l-lt:lst-d ('lt'vll'l,lli['.'- l'tqlllir( . ill(-rl.;Isil!g]y rcli:ll,h., f:lst.

rail :tIlll'(.. allll Iq'aJll,ql'i(';t] s_tlid-:l;Itl" II,'Viv:': f_r .-llvm.s_flll ._l_;l(-t' IHi._<i,,ll<. |{I'll;lira," lllt,,ll
lilt" V;l('tilllll llll,," willlOllt lilt' lll_H|t'l'll lrllll._isI_,r lltlll lili_ I'tJt'il'q'llils W,_lllt| hllVl' Itl;Id,' l'l.'(qlI

sI,IH-,' ft';It "_Itl';Ic'l i,';:lly Illl:I,'hil'v;lld;'.

"l'h*" third (-r;_ t,f t.h'clF_tlliC._ |l;I< (]:iWllOil. J"il'sl (';Illlt' lht. V:ll-llIllll Ill|t(', _,(t('_tlll] lilt'

Ir;llisi.<l_tr. ;|lid Ihi,'ll II,. ll_i4-1"¢t(.ir(.li_' I1 IHIVq IlI)IM.':IFS th;tt lilt' lllit'l'Ot';F('llii" xxill i,ffcr a-

Ill;ill)" ;t(1V;lllf;Igt'S ItVt'F lilt" [F:_IIISi.'-IoF ill ;lltltr:qtl'ial( • ;lillflit':lliqtll. "- :tS dill Ill, |r;;ll.,-i<latr ;.V(.l'

lh_' t llllt'.

This llaller will brit-fly pr,,sCll! lilt. <I_I[llN itf Illi('l'(_'ircllil.-: :llld '#, ill then ,..dvt, :1 Nlllq'tl'_;I.'<-

IHI'II of t.Olllllli.r(-i_l] _llll4i(':lliltll._ reSllllinff frltlll ._l'lllicitlldlll-I'tw ri'st':lFch wilh ('lllllh'lsi'_ t_ll

I:lil.rovir_.llils. Fields _f ;lllltli(.:lti_m iIlt.hlllt, nn,lliciln,, illllllstry. |r;lll.'-.lU)I'|:ll]oll. _'Olllllllllli-

,a[i_,:l. I'llll'rIllilllll_.'ll[. :llld ('l|ll(':l[i_ll. Al't':l.': _f (.;irryovi.r [o colnl:lt.l'vifll ;llll)lic;llions will

invlullt, Ill;l|l'ri;l[.<. ll.ch!lillllt_..., illSIrllllll'l'.l.'-. ;lllll rt'l:,Icll lll'lql.'4.

SItt'('ili_ " t,,lli,-s l_: I,,, i,whldcll :it, : lll,:lring aids. illh'gl';llt'l| n,llli,,;lnUdili::r_, hliltiSl'Ollt'S

f_,rl.h,_.ll'ttc;Irlliotsr:lldly ). ll;l('olll;llo,rs. :lul[ollloldh, i_Ilili_ll S V.'_tt'lllS. Illilli;l{lll'l' t'_tlllitll|t'l'S.

•-_:ill-xt'ltt' ,w;itt.|ll..<. Illivl'tt:nilli;Itllrl' illft_l'llllili[ql ('Hll|l'o|..',ldill->lnh" illvi.r11,r.--, llltral'|ltqllit':ll

;in;|lysi.,:. ligh! dlltlllll'r.'.. ;lllll Illilli;llllrl • l';llli--: :;llll t_'ll'Vi.<i[m.

HISTORICAL PERSPECTIVE

On TI urslhLv i,l,lrt_in V, .July I, 194",. a new.< t,, tim val.n:llU tube now usl,d to ilo the:t, has'(, j_,t,s.

re!ease i.:IillC !'l'¢)lll |}it, ]_t,]] '['t,h'l)h,_llt, ],;l])¢ll;I- it ling mt V:lvnnnl. no '..'l:lss env,-lol,e, ll_ grid. nl, plate

tortes ;vhl,'h w:l.. (h,.-.liip.,t_ Ill I'('vI)llllit)lliZO i]IP 11o ca!ilodO and tht,rl,f.rc no u:lrm-ul_ dt,l:_y.
'l'wo hair-thin u ire. I,m(-hing ;_ Idnh_':ld of :t slflid

flltlll'(' of C'l't'll'llltit'S [)l'lltrl:.'.".S I| }!q_(...r;l_.lil.._.•"- " .. .'-t'Ini-('l)l!l]llt'|Jv'.' lll:lltq'illl '_(ddel'ell Io ;I Illl'Ill] [)IlNP, are

follow:: Ill,, lwim'ilml llarl- i,f lilt" Transi-I,,l'. Th_,se :ire en-

-I,*-,ed in :l .4mldt'. metal vylinder m,i llill('h I:ll'gl'r thrill
All IIIll;tZili_l) -ilnldl all.Vice,, c:llmldt, _.¢ l,'rf,,rlllill:Z

:l sJlol'l:lct' lip. More #.hall ;I hlllllh'tql ,_f tln,ln (':Ill
efficiently ht':tl'l._ nil 111(' l'lllll l i_tll- _,f ;Ill (.l't!ill;tl'V %:H'-

_lum tllIll., x'<;:,_Ii_'llt.tlnsll';Ih_l f,_r lhl, Iir-I lilll;, )l,.,qt.r- t,:l._ily hi, Ill'Ill ill iIl_' l_;llIll of lilt' h;intl.
Sill,'(' lht' ds'vi('l' ix slill in lhe I'Xlli'_illlt'lll;ll ._1;1_('.day :it Bt.ll 'i't"('lllIoID" I.;|]_lq';ll_q'Jl'.', Wlll'rl' ut X_.:I.',

inventell. Iio Illl|;I I)ll l'O._| :ll'l' :lv;lilaldc. |Is I"_Selllial silnplit'ily,
however, indic:lieu Iht, l._sslllility i_f w;llesltl'l'ad 11.,_o,

UnliWll ;I._lilt'I'¢:lll.qisIoI',lho d_wict" %V_Pl'k.g IIIIHll
wilh re.qllIla_llin;_._._-In'o(luctiol_i,col_(_ini(,.u.IVhel_flllly

entiri'ly nev. ph3 _i,':__, In'incillh' di.-v_,vert,dby lh,,
lh,v(,hlllt,ll,the "l'l'_lll_i._ll_l"is :ll.qoeXl)l't'|lqllo lind now

Lllbol-1itOl'i,_._ ill ll,l,('l_lll'_l'llf fllllllIllnt'llI;l|l'I'.ql"ll't°]l_llllllJv:llionsilli'h_cll'Olli('swhl,rl,V:l[.llqllllUbl'.g]IIIVt•
into Ihe eh'l'Iric:ll i l't,lIOl'_Jl,.,, l,f._l,lillx. Alllloll_h the

!ll_lprl_vt,d sllil:illh'.
device t._ slill in Ill,, hlbln'alln'y sl_lgl,. Bell scJt,lllisI._ Tt,sls have _llmvn lh:lt lilt, Tl'an._i._tor wP. l anlplify

and _,llginl,t,r'. I'xl_'('l il Ilmy have f:tl'-rl,;whing :.i,.:niti- at least lI)0 times (21) ite('illl'ls). Sire',. tt'_t nlolh, l._

('lllll'l'illl'h'_'II'ltllJ('._if,Illt'lel'Iril'_ll_'ollilllllllil';IIiOll. |l:IVc|tli'll_qllW_IIt'd;l.q:llllI)lilil'l's:_ l'rl'Illllql('it'.qliltlit

Th0 wlttllt, :lllP:ll':ll IS is llln_#l'll ill a lilly ('ylilldl,r _011 nlilli'.ll cyl'h,s per s('l',)Iii1 i_lq.:lll.,41, Ill lho hIIsjc_llly

less t|iIlnIlllJln.h ll,llg It will _t,rvt,:_x nn ;llnldililq" ._illtIiIestrl11'Iilroof lht'llt'wIll_ils.si:IbililyiIII(l bln_

i)r _llloscilhl,n--yi,I i, |llqll'S :lllllO.gl ilo l'l'._t'nlIllallCl'lifeare eXllt'cied.

1;"//
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From the vantage point of history we can world" are made by tiny gold wires 0.001 inch
now see that this announcement was very mod- in diameter. Compare the size of this amplifier
est in its understatement. For the writers of and an audio tube amplifier.

the history of science will undouotedly say that A thin film circuit is another type of mkuia-
electronics was one of the outstanding achieve- turization. In this case small conductors and
ments in human progress iu the twentieth resistors are laid down, and transistors can be
century and thai. the transistor was a chief added in the form of small silicon plates.

contributor. Today, well past the midpoint of
the century, we are in the third era c,f electromc IMPACTOFELECTRONICSON AMERICANI.IVING
advancement. First the v,'tcuum tube came James M. Bridges, Director of Electronics
near the turn of the century., a remarkable in- B and E for DOD, recently stated: "Micro-
vention itself, born of the genius of Edison, electronics will have a greater impact econom-
de Forest, and Fleming. Just as the Space ically and technologically than any previous
Age was dawning came the second era, the innowt.tion in military, electronics. It offers
transistor, without which, we cap now s,_fely improved system performance, reliability, and
state in retrospect, the rapid advances in spa_e life, and reduced size, weight, cost, .:nd power

explorations would have been practically consumption."
impossible. The same can be said for the commercial

Then, when the transistor had hardly begun applications of this fast-moving field. It is
to come of age at about the time NASA was difficult to discuss electronic developments and
created in 1958, and when the Space Age was their impact on American living during the
still in its infancy, a series of exciting develop- past 15 years, without appearing to be dramatic
ments in electronics came which caused this and indulging in superlatives. Popular ac-

third era to burst upon us with unprecedented ceptance of electronics in the fields of enter-
speed and promise. This era has been l_beled tainment, support for spac._ exploration and
"microelectronics." This new field is offering defense by the military and NASA, and indus-
so many vast possibilities for research, develop- trial requirements, especially in the processing

ment, and application, and is providing so many and computer fields, have jointly contributed
fresh insights into the behavior of matter and to push developments in the solid state devices
electricity, that, despite many formidable prob- at an unprecedented rate. From the now com-
lems it is imposing upon us, it is receiving such monplace portable radios to the breathtaking
effort and support that we can say even now in feats in space flights, the American public has
1965, it has already passed through adolescence witnessed an unending array of electronic inno-

and is be_nning to mature rapidly. The vations, until it now begins to appear that a
growth rate in electxonics thus appears to be veritable Pandora's box has been opened. We
exponential. NARA has had, and will con- begin to accept as reality the imagination of
tinue to have, a significant influence upon *he science fiction, and see little doubt that Dick

speed and direction of this growth. Tracy's wrist radio and TV are feasible, if not
A typical integTated circuit is comparable in 1;ear. When we visit the doctor's office we

size with a single transistor. A 5-w_tt circuit expect to have an awe-inspiring array of elec-

is made by Westinghouse and is u:_ed as an tronic analytical tools used on us to assist the

,tudio amplifier for such uses as phonographs, doctor in measuring such things as brain ira-

The flat pack is 1/_ x 1/_ inch. This is built pulses, heart functioning, and respiratory

on a single silicon slab 0.085 x 0.112 inch and activity. The bearing aid typifies the revolu-

contains 18 transistors, 7 diodes, and 13 resis- tionary transition from the large to the small.

tors, a total of 38 components. The efficiency Thanks to the transistor and microcircuit, in a

of this 35 volt circuit is 55% and it can operate few decades it lms changed from the unwieldy
to 50 kc, end can be used in temperatures from and inefficient horn to the device so tiny as to be
- 55 to 125_ C. The connections of the; "outside almost unnoticed.
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OI,r automobiles, symbols of the modern era, equivalent to a mean time to failure of 15 000

increasingly uti]ize the transistor in it radio, years!
ignition systems, electronic-eye light dimmers, It is most encour,: jng to nof_ that a properly
and other elcctronic controls hardly dreamed of designed and well made integrated circuit on a

ten short years ago. In our homes we enjoy silicon chip approximately 60 mils square, and
the intercoms, the accutron wristwatches, color containing 30 equivalent components such as
TV, automatic comfort control_, and a host of diodes, transistors, and resistors, now ap-
other electronic gadgetry on which the Ameri- preaches the reliability of a single transistor.
can housewife increasingly relies for relieving By 1966 we expect intr'_nsic integrated circuits
the tedium of her chores, to have a mean time before failure of a billion

In business we use portable transistori"ed hours, which is approximately 100 000 years!
voice record-rs, we fly computerized planes, By that time we rather expect that the package
talk over microwave long distance, program will have disintegrated, or new and better de-

shipments with computers, and e_-en uutomatize signs will make present ones obsolete. It goes
production lines electronically, so that the elec- without saying that vacuum tubes simply can-
tron with which Franklin toyed so amateur- not be used in the present sophisticate.i, reliable
ishly on the kite string has now been t,_med to electronics needed in space exploration.
give us all a promise of a fuller and richer life, The Saturn vehicle contains over 160 0(P0

and more leisure time. But, in all frankness, electronic components, including 22 000 diodes
we think the best is yet to come. and 16 000 transistors. Each of these compo-

nents must be extremely reliable if the system
OBJECTIVESOFNASAR_C-EARCHANDDEVEtOPMENT is to be successfully laupched and flown. Re-

Before detailing results of NASA R and D member that the total reliability is the product,

which may h_ve commercial application, it is not the sum, of each component reliability.
pertinent to emphasize the chief objectives of Marshall Space Flight Center is now engaged
this research effort. These objectives are the in converting as many transistorized circuit_
same in all three eras of electronics discussed, over _o the integrated form as possible. Prob-
and differ only i_ _:, :)hases. They are: ably as many as 70% of the present componems

1. Greater reqabfiity, can be converted to microcircuits. These cir-
2. Smaller size and less weight, cults are even now considered so reliable that a
3. Wi_ler application, computer being designed to provide navigation

a_d guidance controls for the Apollo moon
4. More economy, probe will not, have redundancy, and the de-

Of these four items, reliability is of course signers are making no provision for midflight

paramount, and it may well prove to be true that repairs.

NASA's greatest contrib,4tion to commercial It needs scarcely to be said that more reliable
electronics will be its influence on improved solid state devices resulting from NASA and
reliability. NASA's field of operation is the other research will find ready use in countless
infinity of the oceans of space, with all its facts commercial applications, from complex com-

and mysteries. It is redundant perhaps to re- puters to programed washers and dryers in the
emphasize the absolute need ,%r maximum home.

reliability, but we must do this repeatedly in Integrated circuits have had a dramatic in-

view of more, longer, and increasingly complex fluence on packing density. The cordwood as-

space flights, sembly is not good either for reliability or size.

It is gratifying to report that in contrast to Note th:,t integrated circl:;ts now can be packed

the consistently low yields and poor quality of to represent the equivalent of 100 000 000

transistors a few years :_go, some transistors components per cl:bic foot. The human brain

are being made with such fantastically low fail- has a capacity of a milliol, times this, or 100

u-e rates as 0.0007% per 1000 hours. This is billion components per cubic foot.
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While the enormous thrust of Saturn engines significance is the announcement by IBM of a

makes it generally less imperative that we here data recording system with a reading and writ-
at Marshall be concerned with the ultima _. in ing speed of a million bits per second, and a

miniaturization, some NASA programs do have density of a million bits per square centimeter.
these requirements. In these ,_,_e_ appropriate Another firm is planning to make a data proces-
NASA research is under way. This should re- sor that w-i contain !00 billion thin film compo-
sult in double dividends--one for space effort nents per cubic inch and which will call up 10
and the other for earthbound applications. For billic_t bits of data per second. It is predicted

example, for each pound of weight saved in ', that within ten years billion-word memories and
typical space vehicle, 300-500 pounds less f_el self-organizing computers with as many as 100
are required to put it into orbit. The value of trillion component._ per cable foot will be de-
saving a pound for a typical deep-space system veloped. NASA expects to continue its in_erest
may be as high as $'20000. Each pound of in such developments.

weight saved in a modern commercial airplane The wider application of the microcircuit will
is literally worth more than its weight in gold lead to better performance. Iu broad terms this
(presently $420 per pound) because of the means research in producing circuits with higher
added cargo it can carry during the millions of speeds, increasing stability over a wider spread
miles it is expected to fly in service. For of temperatureandradiation, and providing for
ground-based electronics, except that to be lowcr noise, higher power, and greater efficiency.
carried by persons, the savings is less, and may Of particular interest are the temperature prob-
be as low as 5 cents per pound, lems. Heat is the biggest single enemy of com-

At present microcircuits are being produced ponent reliability. The temperature of the
in quantity in which silicon chips measuring moon is thought to range from - 300 to 250 ° F.
approximately 100 mils square contain in the By earth standards this is not too hospitable.
neighborhood of 200 components. One firm is In view of this, we c_n begin to understand the

ready to manufacture circuits on silicon chips electronic problems facing the Apollo mission

measuring one-quarter inch square and contain- to the moon, and can bnagine the problems

ing 500 components. With the growth of silicon faced by NASA and indastry in developing a

in strips one can begin to visualize whole com- lunar, portable TV camera for the astronaut
puters being printed on one piece of silicon in landing party in 1969. Similar problems are
somewhat the same way postage stamps are

met in developing the guidance computer for
printed.

Work now under way using electron beams the lunar excursion module, which will use 20

promises to make incredibly small circuits, to 30 computers, each of which will involve over
Stanford :Research Institute, Westinghouse, 1000 microcircuits.
IBM, Hamilton Standard Division of United Successful exoloration of Mars and Venus

Aircraft, and others are carrying on research, will require electronic components for even
supported in part by NASA, which indicates more rigorous environments. Ways must be
that transistors may be made as small as one (1) found to protect these circuits against, tempera-
micron, or about 0.00004 inch. The new line ture and radiatior hazards of space, or build

will be called "IST's," incredibly small transis- them so that they can tolerate these hazards.

tors. In addition, work is being done on high- NASA sponsored research is in progress to

density :'_rrays of integrated circuits in which permit the safe operation of electronic circqits

subsystems will be produced on a single slice from-55 ° to 500 ° C, and to withstand neutron

of silicon the size of a quarter, dosage of approximately 10_8nvt greater than

One recent report indicates it may be possible 0.1 MV, and gamma radiation to 105 roentgens

now to pack as many as 172 trillion transistors from a Cobalt-60 source. When these circui*s

,)er cubic foot. This beats the brain capacity by are perfected, they should find wide terrestrial

_._ least an order of magnitude. Of practical application in commercial electronics.
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There is an impressi¢ e decrease in cost per strongly that commercial electronics can safely
equivalent component in an integrated circuit plan on more reliable, sma]ler, and more eco-
compared with that of discrete components, nomical circuits in the future. Federal funds

There :._no reason why we cannot have greater have been the chief impetus to the rapid devel-
reliability at less cost--that we cannot have our opment o; microcircuits due to the early recog-
a_,ke and eat it too ? nition by the military and space groups of their

During the current year the co_ of integrated inherent advant,_ges. It is gratifying to see
circuits will be on a par with that of di_rete these developmer.ts, and to note that they offer
components, and will then out,rip them. The so much promise for commercial use.

integrated circuit business is now geared for
high production, and production yields are be- COMMERCIALAPPLICATIONS'N ELECTRONICDEVICESANt"MICROCh._CUITS
ginning to be more profitable. In 1964 sales of

integraLed and hybrid circuits totaled $48.5 mil- ught O_mmor
lion. In 1965 this will jump to $90 million, and The _[arshall Space Flight Center has spon-
in 1968 to $210 million. Of the $17.2 billion sored research on a numb_,r of device.', which

spent in th_ nation for electronics in 1964, can have commercial use. Typical of these is

NASA spent $1.6 billion (9.4%) for its space a silicon-controlled rectifier, the purnnse of
program of probes and manned flights, which is to conver'_ ac to d,.'. This rugge t _evice

That the investment in microelectronics re- can now be obtained with ratings as high as 9.00

search _.nd production techniques is paying off amperes continuously, and approaching 1000
is obvious. In 1965, for the first time, civilian volts. Aside from use in regular circuits and
applications of microcircuits will represent a power supplies, these rectifiers are being used

bigger market than will the military. In most in smaller sizes in automobile ignition systems
cases, the reason for the switch to microcircuits to replace the coit-distributer approach use _l so

from discrete components is the economy long. Transistors hav_ found some use here,
brought about by the fact that the circuitry but the rectifier performs better, and is reported
lends itself to automation of manufacture, to give better gasoline mileage, smoother engine

Some digital circuits now used in computers are performance, and spark plug life up to 100 000
half the price of discrete components. Hence, miles.
the commercial upsurge in microelectronics has In addition, these rectifiers are beginning to

been so far largely in the computer field, and be used as a low-cost lamp dimmer in homes,
every ma_or computer manufacturer is design- schools, and industries. The rectifier phase-

ing the computer around microcircuits. Com- control circuit has made incandescent lamp dim-
mercial transistors, now literally being sold by mers compact enough to fit conventional wall
the barrel, are being packaged in plastic and recepiacles, apd inexpensive enough to be attrac-
sold for as little as 25 cents each. So automated tiv6 for home use. The circuit can be arranged

have our lives become, that we now witnes_ the to provide continuous control from zero to full

strange sight of seeing transistors shipped _o brilliance. It is used on regular 60-cycle line,
Jap, n. General Electric is selling a six-tran- and is recommended for loads up to 500 watts
sister radio for lessthan $10.00. at £5° C when mounted in a w_dl switch box,

By comparxson, a logic block containing six or up tc 1300 _atts :rhea adequate heat sinking

to eight co.-,,ponents may sell for $5.00 and is used.

larger blocks (up to a size) may sell for more: Power,Tran..istors

but the cost per component may be quite low. Bccau.e power requirement_ on Saturn are

Motorola prodicts that transistors in an lute- lsr_e, MSFC has 3ponsorecl sever_,l studies on
grated circuit will be selling for less than 1 cent power transistors. One o¢.these le,i to the de-

each before 1970. velopment of a reliable 30-ampere, 200-volt
This whole electronic picture not only appeals transistor. Another study, new underway, is

' to NASA in its space program-buL indicates desigv.ed to develop a 100-ampere, 150.volt
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transistorforusea.sa power switch. It will problen_at MSFC ,.'nconm_t-ionwith thesiz-

have a de amplification factor of at least 19, a able a-c power requirements for Saturn .has
turn-on time of one (1) microsecGnd, and a shown ihe desirabili.'y of using static inverters

turn-off time of three (3) microseconds. When in place of generators, since tile inverters have
d-c power from fuel cells, solar energy, or no moving parts, aresn_.alhr, lighter, morereli-
atomic reactors become available, these t--an- able, _nd easier to ma;iltain.
sisters can be used to switch it or convert it to The inverter de-'eloped at MSFC-, and _vhich

: ae by use of inverters. At. present, a_ can be has perfonned well on the last several Sahlrn
._witched by ordinary relays. . fl:.gi_is, operates from the unre_oafiated £8 V d-c

battery supply on board. The a-c output is 115
w cm_m Volt_thre_-phase,400 cycle. Tilevoltageis
T_-o smallTV camerasarebeingdeveloped ±Vac at any loadfrom 7_rotofull,and with

foruseintheAppolo lunarmission,underthe inputsfrom 95 to 30 V d-c.
directionof tlm Manned SpacecraftCenter. The inverterhas of coursebeen fullytran-

They willcontainover80% microcircuitsforre- sistorizedand at presenta microelectronicpre-

liabilitya.n.dminiaturization.One ofthec_m- amplifierisbeing _'._velopedby Westinghouse
erasforcapsuleorearth-useweiglm4.9.pounds faradded reliabilityand smallersize.Itsd-c
The otherone weighs about7:pounds,,and is supplyis28 volts,and an outputof10 amperes

- desige.ed to be carried oil to the moon's salrface is required for a 1-ampere drive. Turn-on time
by the astronauts and operate from -300 to is 6 microseconds, and storage plus fall time
"250° F. in a hard vacuum The extra weight must be less than "20microseconds. Operating

necessary insuI_ion. This camera operates on temperature is -55 to 150° C. This inverter
6 watts of power, and measures approximately should find commercial use wherever it is de-
15 inches in length, sirable to convert de to a-c in a efficient .and reli-

It. is of interest to note that the intensity of .ole manner.

_mlight varies so much from the lunar night to Mi_a_ ¢o_o,, _,ipm_t
the lunar day that the light input to the camera
lens varies from 0.007 to 12 600 foot candles, So much research is being done in this field

which directly involves microcircuits that onlywhich requires an optical and electronic system
with very wide dynamic control. A special scant mention can -bemade of some of it. For
•"idicon "_magesensor has been developed, based example, for MSFC a microminiaturized radar
on secondary emission conduction, which, in altimeter is be.big developed by W_tinghouse, a
conjunction with appropria:3 electronic cir- control s:,gnal processor by Martin, and e, switch

se], ctor by Fairchild. An analog t_ ,ligiiaicults, provides the necessary controls to pro-
dnce good TV pictures under these wide varia- converter ;_ _:.ng d_'eiopcd for the Godd_rd

= tions of light intensity. All of these tech:_;,lues Space Flight Center by CBS, using low-power
microelectro:.ic techniques. Motorola is de-

should prove useful to commercial TV, espe-
cially in areas of extreme temperatures or light veloping digital decoding circuits of the corn-
often encountered in indostry, or when remote mand receiver for Apollo, also using micro-

circuits. Honeywed is working on t-he sta-pickup of TV programs makes a portable cam-
era easier to transporl to the scene of action, hilization and control systems, while Giannini

Controls is devdoping the fuel-gaging system.
s_ a,,,,.r_, A three-phase space power supply is being

Space vehicles may derive their electrical studied by Westinghouse for JPL. A number
power from batteries, solar cells, fuel cells, or of integrated circuits count down from a crys-
imdear reactors. Usually, t.hi_ ]a in the form tal oscillator to provide tin. timing for tile
of direct current. Sinc_ alternating current iv three-phase output. NAND logic is employed,
needed in flight, some means must be found to and the plan is to reduc_ the number of inter-

i e._nvert the dc to a-c. Generators are not al- connects by putting all the 46 logic elements c,n

i ways the best way to do this. Research on this two chips.
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Of special interest is a miniature communica- ing on an ultrafast oil cult with only a "2to 3
Lion system being developed for tile moon pro- nanosec.md delay. It is reported that St: netics

gram. Astronauts landing on the moon cannot Corporation is fretting o5?_: of its R and 1; ef-
converse with each other since :here is no at- fort. into the co,nmerci:,l computer market.
mosphere. Due to tiffs fact. as well as _he need I{oneywell's Electronic Data l'r_x:e_.ing Di-
to prm-ide telemetry of various d.'da, a minia- vision announces that integrated circuits will
ture. battery-powered communications system be standard in virtually all new equipntent to
is m:der development. The fil.-stmodel used dis- be made in 1.q65. IBM generally u_s hybrid
crete components ,"nd weighed 5 pounds. A circuits because of their speed and power: while
more recent model using miniature components RCA u_s monolithic silicon integr;:: 1 circuits
stacked :m cordwood fashion was reduced to l.g on the "_pl)er end o,f the li_e and hyb, ,(Is on the
pounds. Ti_e latest ve_4on, almost completely lower end. I_tegrated circuits at presem do not
microcircuit, will weigh only 9 ounces. This have the power required for use il: memory and
model will con:ain tw¢ transmitters and two re- inlmt-qutput circuits, but. are used in the logic

ceivers, allowing simultaneous _-oice transmis- sections of the computers. For memory driv-
sion and _ven telemetry channels at 300 me. ing, discrete components or hybrid circuits are
and voice only _,.!260 me. now used: for ;input and output circuits, which

This miniature system simuhi find many corn- have to drive electro,nechanicai equipment such
inertial uses. Perhaps toys will soon incorpo- as printout systems and t'tpe recorders, discrete
rate many of the_ features: the football coach components such as transistors are used.

may well direct h_s quarterback who has a tiny A typical commercial application is ", new
recei_ er tucked under Iris helmet, digital: in-line blending system witic], keeps all

product components at correct n_tios, regardless
r_to,kot I,,,t,_.,.,h of a reduction in flow. This system is expected

Other "ievelopments in miniaturized instru- to be u_d to proce_ foods, chemical._, and
ments _nclude a new three-digit nixie readout petrole,nn, and to manufacture fertilizers.

digital capacitance bridge with a range of 0- Featuring a new automatic-paci'lg, digital con-
100 microfarads, dissipation factor of 0-20%, troller, t|,e system blends either liquids or

0-o00 d-c volts bias, and frequency range of 120 solids, and is part icl, larly u_ful for short runs
or 1000 cps. i',volving relatively small quantities. The axl-

A new five-pound, compact, battery operated, vanced system is ba_d on pace setting, that is,
solid-state electrical thermometer measures allowing the lagging component to set the pace
-100 ° to 500 ° C in seven ranges, to an accuracy for the other streams. With the system ill
of 0.75 ° C. operation, a nmster demand module paces the

Another small instrument is a pH meter meas- blend, sendin._ a l)ulse si_ml, whose frequency
uring approximately 4 × 7 x 8 inches, and is pr,,portional to the total blend rate, to the
weighing 4 pounds. Batter), operated, and digital controllers. One controller is on each

covering the normal range of 0--14 pH, it is ac- component line. If a component falls behind,

cunde to 0.02 pH units, and can l)e used over a due to start-up or to strainer clog, the controller
tempenlture range of 0--100¢ C. takes over and slows all feeds in proportion to

In general it can be said that a revolution is the lagging one. ('omlmters are already under
underway in making instruments smaller and de_'elolm_ent to expedite the educational pro-
more reliable, cess, control iraflic systems, make weighted deci-

crop,e,, sions, and carry on n,any other useful activities.

No report, on h'ASA, and commercial _.lec- COMMEttCIALAPPLICATIONIN MATERIALS
tronics would be complete without including the
vast., fast growing field of computers. Corn- High PurityMaterials

puter makers are already important, users of 3Iany areas, of _ciemific endea.vors are requir-
integnlted circuits. Texas Instruments is work- ing purer materials, and better control over ira-
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imrilies l)urp<J:ely inlrodm'ed. Semiconduc- tra('e elements on rate of corrosion, on plLxsio-
Iol.'s probably represent the ultimate in this logical reactions, the properties ,,f superlmre
reg::rd. To demon.-trate the critical nature of metals, and the effects of trace alloying on their

impurities in semicon,hwtors, tile lmrest silicon properties.
<_btain:d)le has a resistivity of'230000 ohms per The p_ dllem of corrosion represe::ting

_'m. By introdm'ing only one part per million annual losses in this country of billions of dol-
of some dopant such as l)hosl)horus, boron, or I;u_, shouhi I)e emphasized. V 1) to llO*.Vour
at.'senie, the resistivity is reduced to less than 10 knowledge of crystal structures: defects, an(!
,)Inns per cm. Jus! a trace of gold in silicon impurities revealed in solid state physics has

greatly influences the Slree(! with which the I)een ahuost neglected in metal applications.
/raasistom operate. .'4mall amounts of an ele- This tield is worthy of detailed exploration.

ment such as lithium, whi,'h has a small atomic c,_stols(Epitoxy)
diameter, may ditl'u_ ral)idly , even at room One of the greatest boons to crystallography
t emperatu re, through a silicon crystal and cause has been tile scnd(.omluctor business. 'rhis is a
har,nful effects at the p-n junction. It may

cause eq:mlly deleterious effects in the silicon Cmnl)lex subject, but NASA research i: helping
dioxide luyer used to p_,_sivate the silicon to l)rovide a l)etter unde,'s'tanding oi crystal
sllrf:_.c_.. Sll'll('[tll'e ;Ill(1 use. ('l'vstals are ii:ltill'e's lnost

It is more and more necessary to think in perfect creation, and we rely upon them in
countless ways in _mr daily living.

terms of parts per billion rather than parts per One are_r of crystal work now under particu-

million. Old tried-and-true technique such lar study at 3I_.FCS" (with Westinghouse and
as emissiou spectrometry are not sufficiently Texas I:lstrlmients) is the process known as
sensitive to measure the purities needed. Mass

Slrectrometry , both gaseous and spark gap for epitaxy. In this process, a. layer of crystals
, . ,_ may be deposited in a controlled manner on an-solids using electron multipliers, is oem_, im-

p,'oved to meet these needs. The residual other crystal. Pure or doped silicon may be
resistance ratio method of measuring purity at deposited onto a silicon crystal by reducing a
4.2 ° K (liquid helium) is being investigated gas such as SiI-L, Silane, with hydrogen in a

• quartz tube heated to 1101_to 1200° C. It hqs
;:nd is based on the fqct that, at this cryogenic

iemper".ture, ihe increase in resistance of metals I)een found that specks of dust or other foreign
is al)proxinmtely proportional to the purity of particles greatly influence the number of ira-
the metal. The resistance ratio ;_.taken as the 1)erfections in the grown crystal. Improved

resistance at room teml)eratur_ divided by the crystal growing techniques ('an lie used to eom-
mer,'ial advantage not only in electronics but

resistance of 4.o0 K. It no_; begins to appear
that the characteristics of semiconductors them- in lasers, optics, metallurgy, and rel:_ted fields.

seh'es may become the mo,_t sensitive measure of We should have a. new toll in understanding
their purity. /)etter the basic structure of malter.

In view of numerous reliability problems of s_,foces
semiconductors asso<'iated with iInpuri_ies, Closely related to high l)urity materials an,

MSF(' is Sl)Onsoril,g research to determine the several studies sponsored by MSFC on surfaces,
limits of l)lvsent ('heroical analysis and then to with emphasis on silicon dioxide and silicon.
determine what new technique of ultn_-analysis This is one of the major areas of interest and
may Ire deveiol)ed. This will include areas supl)ort at present. The stability of this oxide
such as neutron activation an'dysis, mass is of llaramount importance since it is used to
Sl)e('tromelry, toil'lear magnetic re_sonance, (a) llassivate the sili('on devices, (I)) serve as a
electron spin resonance, and the like. When n:asking agent during :liffusion, and (c) to
this work is completed, there should be many serve as a capacitor dielectric fur certain micro-
uses 1.1_the fields of study on the effects of mi- circuits. Va(ler couditions of radiation, tem-
nute concentrations on surface condi.tions_ as in perature, and voltage, the oxide Irecomes un-
catalysis for chemical reactions, the influence of stable and, therefore causes the circuit to drift
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in its ch.-u'aca, rist ies. Few mi,','ocircuit prob- E!ectrol)iaters should benefit by a d:'eper un-
le:ns t_!ay :u_ receiving more research effort deL'stamlmg of these surface conditio.s. Tiny

than this one. NASA awl the electro, its in- lilts or imles m-Lybe spots for co:rosion of auto-
d:istry in general can benefit greatly by a solu- mobile bumpet.'s, espex'ial!y in contact with s-:!t
tion io this l_:'e!:!.:::,, used on icy "oa,l.;. Oxides find wide use in

Research on this involves several app.,,aches: industry as the !;a.-sitation of surfaces, such as

1. Measuring capacitance to four signifi- alunfinum :,'are. Industry too little under-
cant figures, stands why some metals, such as nickel and

•2. l'sing ellipsometer, X-ray diffraction, chronfium, remain shiny while others readily
electron diffraction, and related equip- corrode. The re._.arch underway in silicon ari
ment to determine stt'icture of silicon silicon dioxide should provide clues to a f,2der
dioxide, compreilensier, of these surface phenomena.

This includes _.he area of surf_e etchil_g _m3. Determining the effect of t_tce amount.°
which MSFC is doin:_ research on both an _-"of highly dipolar molecules such as wa-

ter on the properties ,,f the silicon di- housaandout-of-housebasis.

oxide dielectric. APPLICATIONS IN PROCESS TECHNIO_IE$

4. Findin¢._ ways to measure pinholes and
other imperfections (such as hot chlo- ny', Ey, Co,,,.,_
rine) in the film. A multiple lens camera has been developed

jointly by the Electromecha:,ical Engineering
Research on surfaces has revealed some inter- Branch and the Applied Research Branch of

esting phenomena. One foreign atom on a the AstrionicsLaboratorya,tMSFCformaking
rlean glass surface may _rve as a nucleus which masks for producing transistors and -:nte_-at_,d
,'an influence the deposition of 10 000 other circuits. This first, version of the c_.znera con-

atoms. We are beginning to understand that rains nine two-element achromatic (color eor-
very thin films of a metal on :m insulator behave rected) lenses _n a 3 x 3 array. Each lens has

in peculiar ways. Over a period of time, the a diameter of 4 mm and a focal length of 10.6
metal may coalesce into lit0e islands and there- mm. Aline-width re_lution of 1 micron, about.
fore l)e(.on,e a resistor instead of a ccnductor. 1/_,_rail, has been achieved with this device.

We have learned to count the rate of del)osition This camera makes it possible to lay down
of atoms in a vacuum accurately. At 10-6 nun nine identical patterns for diffusion on a silicon

1)ressure we can normally expect a layer of wafer from a single piece of art work, thus
atoms one atom thick to deposit each second, avoiding tim tedious step-and-repeat oper':Aion.
Those of you interested in making highly The main advantage of this technique over the
polished mirrol.'s for instruments and the like step-and-repeat process is the simplicity of op-

can now be assured of a well-nigh perfectly con- eration and the inherent overlay capability. It
trolled 1)recess for a variety of metals and al- is l)O._ible to utilize morn than ni:m lenses. This
loys on any choice of a substrate.

camera can find use in any commercial photog-

The sul)ject of surfaces is a vast one. Many raphy in which numerous identical patterns
• of the analytical tools and techniques developed need to be photographed onto a single pls,te or

or improved in the electronic programs should film.
prove extremely useful in several commercial

fields. One is in the area of understanding and Dit*usio_
improving surface catalysis, used so nluch in Another area of process study (with Research
su('h ('heroical processes as petroleum cracking Triangle Institute) is in the form of determin-
and synthesis; producing fertilizer by the syn- ing optimum conditions for diffusing phos-
thesis of qmnmnia front nitrogen and hydro- phorus into silicon in a one-step process, using
gen; and the oxidation of ammonia to form phosphine as a gaseous source, rather than a
nitric acid and nitrates. The poisoning of sur- two-st_p process used in industry. The ap-
face catalysts is a l)ere]mial l)roblenL preach has been to develop tr :_tatistical model

795-453 0-66--13
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in which the chief v._riables of process control interplanetary spa('e). To I)ermit implanta-
(time, temperature, and concentration of dop- tion of foreign life onto other ph,nets would
mri, and resistivity, lifetime and dislocation of confuse future attenlpts to determine the exist-
wafers) are. correlated with intermediate proc- enceofexlrateITestiallife. Americans and Rus-

ess parameters (junction depth, sheet resistiv- sians have already demonstrated that biological
ity, oxide thickness, and base width), which in material such as veget'ttive bacteria, bacterial
turn are correlate'l with device characteristics spores, algae, tissue cultures, and the like, are

: (breakdown voltag% reverse current, dc current remarkably inmmne to the vacuum, radiation,

gain, and gain-bandwidth product.). If this and weightless conditions of orbiting in space.
proces_ proves successful, it may then be pos- It is necessar T to conduct experiments on
sible to establish circuit and even system per- earth to determine the ability of micro-organ-
formance in terms of m..o.terial and process isms to survive low temperature, high vacuun:,

controls, ionizing radiation, 9,n.i high ultraviolet fluxes,
The chief direct benefit of this study is in and then to find ways to destroy the microbes

electronics. However, t le apI)roach can be used on the vehicle prior to humch. ()ne of the diffi-

not only for diffusion, but for other ci'itical steps et,lt problems encountered in this w,_rk (at. JPL,
such ,ascrystal growth, epitaxy, photoresist, and MSFC, and other NASA Centers) has been to
interconnects. The dega_e to which this is done sterilize the electronic circuits and components
determines how far the art or black m,_c so without harming them. There is little advan-

prevalent in electronics fabrication today can ta4re in making the spacecraft sterile but inoper-
become a science, and thus _vo higher yields ative due to sterilization damage. Typically
of hmre reliable semiconductors. At present, sterilization is achieved by using chemicals and/
over 3000 transistors can be. produced from a or heat at 135° C (o75 ° F) for 24 hours. This

single silicon wafer the size of a quarter, but the is believed to offer a probability of a cx)mplete
industry depends too much on testing and sort- kill of b,'u:teria of gTeater than 10 000, a figure
ing to make these devices, generally lt..,Teedto be satisfactory. Electronic

Statistical modeling has been used success- componentc are screened at 145° C for three 36-

fully in other industries. If it can be usexl ad- hour periods on a non-operating basis.
vantageously in these intricate solid state proc- During attempts to minimize the time-tem-

csses, titan tbe experience should add a new level perature stre._ on these compcpents, very exten-
of sophistication to process controls in industry sive research has been carried out on the effects

in general, of sterilizing agents on micro-organisms; ettl-
Other techniques under NASA study whiUa cienev of clean rooms; optimum lethal condi-

will have wide application ate microwelding, tions such as pH, humidity, temperature, and
electron beam technology, leak detectors, micro- time. This work should greatly a.._sist medical
scan-microscope techniques, microprobe analy- authorities in the design and use of surgical
sis,.md _lated areas, rooms. It should give a deeper understand:ng

of the kinetics of death of the microbes, andMEDICAL APPLICATIONS
enable us to derive a more scientific death-rate

ster,it._., rel.dionship. The food industry--certainly •
Important byproducts from NASA research the camdng factories-- should find this infer-

in semiconductors may occur in indirect _ays. m,_.fion very usefu. It is to be noted that death

It is generally known that probes designed to of organisms during sterilization is based on

land on Mars and Venus will be steriliz,_.d to probability, and that in general industry de-
avoid contaminating t.hes_, planets with earthly ponds on moist heat, as a. weal)on. In dealing
microbes. Research is in progress toguarantee with sud_ lethal organisms as elostrldi.um.

that sp_e vehicles do not become the unwitting bohtllnum it. is necessary to have a high degree
agents of artificial panspermia (seeding of life of confidence that the logarithmic rate of de-

on planets by means of space travel through struction based on time is a safe approtmh.
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|nstrumen,$ The input to the device is the EKG waveform

A number of medical instrument.,; utilizing from either an electrocardiogram amplifier or a
microelectronics ill one form or another have grouml telemetry station. The circuit _.(mvcrts

been (levelope(] by NASA l)ar,'icularly in hie- the waveform into a short negative pul_, which
l)hysic'd re,arch in (x)nnection with the astro- re_ts ;,. counting circuit called the pulse
nauts and their flight equipment. One of the.se multiplier. This multiplier allows four pulses

is an analog circuit for calculating blood vol- to be counted for each heartbeat. The output
ume in litem per minute by computing (he area is read on nixie tul)es (tubes with lighted num-
under a curve representing blood volume as a bers) and is updated every 10 or i5 seconds,
function of time. This technique c'm be used depending on the position of the update switch.
ou data obtained by either :m indicator dilution The lasL reading on the bulbs stays on untJ1 a
method (densitometer) or by the r_Ldioactive new reading is computed.

surface counting method. From a typical time Typical of an indirect spin-off of NASA-
curve, a cardiac output can be calculated, supported research in solid state is the recent

The ,ualoz circuit is a simple, automatic development of a new, high-power hearing aid
method for calculating the area under the curve, announced by Zenith Radio Corp. This device
thereby eliminating laborious manual corn- is 30 to 40 times more powerful than conven-
puting. It is used to make cardiac studies of tional devices on the market. Employing six
astronauts under clinical conditions in a faster transistors and three diodes, it, will help per-

and simpler fashion than previously possible, sons suffering from certain hearing losses as
The contractor who developed the device for high as 96 decibels. Research is now under-
the Manned Spacecraft Center has estimated its way to place most of these circuits on an inte-
commercial value at $5 000 000, based on $5000 grated silicon wafer, making them smaller- and
per unit including counter, precordial scintilla- even more efficient.

tiou detector, and high voltage power supply, _ Another recent commerical innovation in min-

well as associated radioisotope equipment, ia_,urized, transistorized medical instnmmnts is

Another medical device developed for the a portable oscilloscope used to visu,Jly record

Manned Spacecraft Center is a transistorized electrical output of the he,a.rt. Developed by

digital pneumotachometer which is capable of Westinghouse, and weighing only 3 potmds, the

determining the respiration rate on a breath-to- Miniscope is powered by four flashlight batter-
iu'eath basis by measuring the time interval ies. Prior tothisiustrument, heart activity was

between breaths. It is used to monitor respira- measured by au electrocardiogral)h machine,
tion rates of astronauts during checkout of the
ground systems Apollo suit. This information which records the electrical impulses on a strip

has been monitored on every manned orbital of paper, or by a standard-size oscilloscope,
flight. The device provides a numerical display where activity appears as a visible wave on a
of breaths per minute on a breath-to.-breath fluorescent screen. Oscilloscopes are generally

basis. The electrenics is based on a digital found in hospitals and labor, tortes, while EKG
logic system. This device can be useful as a re- machines are used in the doctor's office. Portable
search tool, or as an educational aid when teach- ven'sions of the_ instrume_?.s up to now have

ing physiological principles to students of medi- weighed 50 pounds or more, are co:,tly, and re-

cine, health, or physical educ._.tion, quire an electrical outlet.
Still another device, known as a digital cardi- Use of the Miniscope is siml)le. The two suc-

ometer, has been developed for NASA which tion cups are fastened to the palms of the hands
can find wide medical application. It computes of the patient, and in 6 t_) 8 _conds the heart

an astronaut's heart, rate (ventricular depolari- signal is .magnified on the small screo,n. In
zation) and displays this information in beats emergency h¢',:rt c_mes, the Miniscope can mean

per minute. This, too, is a logic circuit built, the difference between life and de_:_,h. In cases

around either transistors or integrated circuits, of drowning, electrical shock, adverse reaction
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to dmlgs or anesthetics, and similar emergencies, for vertical amplification and the other for
the ._,tiniscope call be used to adv; ntage, even out centering.
of rile physi(.ian's office. Closely related to these instruments, and el-

The heart has three tyl)e.s of activity: uormal ready commercmlly available, is the publicized
beating, complete stoppage, or vent "-icular fibril- Pacemaker, which is a tiny two-transistor elec-
lation, which is an uncoordinated ,_uivering of tronic pulser. When embedded under the skin
the heart nmscle. Ventricuhtr fil)ri;lation may in a human chest, ,.nd connected to tim heart.

be fatal without prompt attention. The Mini- the l)acemaker helps the ailing heart patient by
scope becomes -_n important diag]mstic tool to controlling the r'lte of heartbeat. Ah'eady about

determine if a defibrillator unit, whici, uses an 300 peL'sons, who have arythmia due to fault)"
electrical shock to restore the heart to normal functioning of the nerve bundle in the heart

rhythmic beat, should be used; thus pcecious which controls its contraction, are using this
time may be saved under emergency conditions, device.

Anesthet.ists should find it very helpful. The It can be confidently expected that tl_e medi-
Miniscope measures only 7 by 5 by 9 inches, ._nd cal profession will ,see a steady stream of more

can operate 41,_ hours on one set of the rechar_,_e- reliable, miniature electronic instruments being
able batteries. Designed for single operatiou, made available to it. NASA is happy to have
the unit has only two control knobs, one, been contributing tothese achievements.
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Additional Papers

The following papers were not a l)art of the presentations
of this symposium, but are included in this documen' to further
enhance tile objective of information exchange.
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20. Thc Parametric Ampliticalion of D-C Currcnts

THOMAS L. GREENWOOD

George C. _ll_trslt_dl Space Flight Center, N tS, t

A lit"+'+" _ 11 pl fv 11_ I'liqlltql| ]l:l.'r; |+_._('ll d_,veh,p_,d II-iltb_ the" fllll(ltlllliqqH] IJrill<'iph,-_ _f the'

ltltl'lilll_'tl'ttll. It Wit'., l'¢Hlllll l!llll |Ill" "|h|x 1HllIIIHII._ '' ('ft'tq'l ill :l _(q't)llt| h_ll'lll(_l!i(' I,:ll'Hllit'll'(Jl!

<'il',';lil Itl'+,x'](hq] ltll'_,' ;lltil)lili_'tlti(Jll |':l('l¢,, '+-, :.t.'htql l|ll + "¢tt't' dl'ix't' '.t.:l- _'Xt_'lltl_ql f:ll' iltl_+ th,"

llttll-li,ti':IF l'l'_i<Hl. Tilt. ph:l.-(' (,l' the oUtlmt -i_tl:l| lli;l) Ill' (',,l+|l'()H(q] hy ill+ 111|,111 .-+i_xl;tl :l-

hJw :IS 5? l(l ++W:lll-. Tit(, (]q,xi('(, ?it:IV till(I +tpplit'atiml ;i,- _l t (ql +_ry t.l_,lttq,lJt il_ h_fflt. _'il"

¢-llit-; ;I.. ;111Ill|r:l-.+._,lt...itix'< + l't,l y. <_r ill ;I \'_q'x l+,xx+ti<_ist, <l-t. :ilHl_lili_q'.

(h;t, <Jl"tht' ,'la-'..i,':il i_r,,Id_q_l- of l>hy>i,'s all_l ;,t'<._ altoth,.r f:u'tl_r, ahh<m_'h +,..ul_st:ttttial pr<>t,,_'-
tql_iltt't:'l'itt_" i> t l_t' lll'tt','l]ol+ O|' x'_'t';Ik (|-+' _+'llt'- t't':',s }ltts l+t't'tt _,.:t<{c ill t lliS l'(+_;tl'tl.

l't'ItlS. Ill allll<1"-.tl'V,'i'V l,r:t_wI_ ,>I' ('tt_'il|l'tq'ilt_ +I'I_, t:",;,t:+l-+iH ' :...Wi|<']I It:u'; ;t llltlt']l I()ll_'t'l' l)l_-

ati<l lit:l:: h:m,lli,:u', ttlC:i-urct_+t,iu,+: art' t11;t_lt,:tll,l tetiti:il life, ;tli_l +-._'crl:tittlv nlt>rt, t'tqi;ti,tt, tl+:i_

itlf_It'nl;tli,_t, tr:tli..nliltt,_l :it >troll, l)<_ittl il_ tern:> tht, tlle_'ll;illil':tl "I_<_l>l+t'_'. lls prineilml di._;t<l-

++ch_w-hwt,l it-,' v_It;t,...'c+_:lilt] <.Itrreltt. +.. x+:,It[+t-+..'+` i.'- lit:it ill till, re,'it,it of nli_.r<l'colt._, zt,r,_

[+It forl_ltt:ttt']v, lilt, :t,t'x" _mturc (if ;:l++l_]ifyitt,,2" olt'-ets Ill;iV Ill't'(ltltt' quite .-,i'.2tlili<':ttll (_,t+ttlit't'(I-

_h'vi,'t'_ Ira'-: t_l;ttlc il diIli,'ult l,_ r:ti+t, tilt, h,vt, l ,+I' v, llts l,,'l+i,.:tl), :ilul lilt' <h,'ci,.t...- u>u:tllv ll:i'cc :i

lilt'St' _i<+..rti;ils v,iti,_,itt l}It, It',:' (+t[' :t Slll+.',t:tlll+tt] ...itl+st_uiti:tl It',,,l,t'l':tltll't'_'ot'IIi,'it'lit,t'Vt'll :It lll,;_l-

;tlll<Hlltt <it' ttt+ll:lt'tttll.". Ill ttddhi<nt.s<inlt,<A'tllC t't';tlt' tt, ml_crttt_trt'-.

al+ll:trattl. ,, ]l;t- ._Ot'+Olt" l_r;tl'ti_'al ]i]tiitnti,m,,. .M:tVltcti_' :lmlAilicr.,, +,tlt,t" tll_, possillility <>t'

Alll()ll< r lilt' lil():".l .,.ut.,.t,ssful dete<'t<_rs <A" ]<lw- tlt, tt,_'li_t_ "_ve;ik d-t' x'<+ll:t_t's, Is+tit t+ t'_" ttm,l l,, l,t,

'c<lha_'e tl-_' :it't, lit:' tile('httilit';ll ,'li<q+l:,1.t-, tilt, relativt,lv +tl.":t+ll.'.it+\'t ' ill ttq'lll+ ()f l)OX".('t . illl)ltl

tl'ttlt:'.l:+'l<)l" .-x't'il1"h, :till] the lil:t_tit_,l;t ' aml)lil]t+r, rt,qltirt,ll t_) flU:k( + tilt' III("tISltFOltI(H_|, ;HIll l]It'

The l_:tsit' l't,+t:l>tl lit:it tht':e _h'viet's or tht'ir u':tin Imtulwillth l+rodtu't is strictly ]intite(] s()

e(lllivtllt+lll :It':' Itt'c<hq[ i.', thttt ill tilt, <':tsc (if that tilt, |)l"t'fo't'ltlttt1<'t ++(if tilt +' (leX'i('t +' ill :t st::lilt+

tlil'eCt-_'<ml)h'd :tmt)lilit't's, zertl <llt'.',t,ls :tl'iSill K t'et,dlmt.k :tUll+lifying" ,,,ysteul let/ves ltlllt'h i(-i hi,

fl'Oltt It'l_il)t'l':lltlt't' V:tt'ittliOll :tlt(1 otlitq' l'_t_'tl>r,-; tlt,_it't,(l.
• 't • i '++

+ll't_ S(l ]:lt'_'t+' Ill;it tht'v ,'tilt nltt:k Wtqll¢ Sl_'llttls. t)lll'lll_ l.+l,.,. It:tl_s Kh'_tillt, rtq'. '+vl+ih+ V,l+rk

'l'ht, situtilvst iu _'otU'el+t is the l'h<ll_li_+'r,whi<'h it;<.,,"1111 N._.,_._ t'<mtl';tl't, N.X, SS 5139. <li>

may I_, th,.lu_hi <)I' as :t ]li_]tisl)eed l'e.ltt_" ('.it|)- l'_IVCrt'll :l Itt<_tlt' <_l' aUlt+lilit'ttlil+It iU x_hi,'Jt :l it-,'

atilt' (if ittterl'ulllin _ and sv,il_.hht_ d-<' t'tlt'l't'l+.'_, lhlx rt'sulliu,3.. + ft',m+ ll_t, t'Ut'l'tqll to It(, dl'tl'l'tt'_l,

"l'ht'rt, lit't' tXX't)lltisi_' l+r(+l_h,ms with _.li_q>llel'S. v,':ts :it+_l+lilit,tl lmt'ttttltql'i('lt','v ul_til it w:ts <',f

'l']_t' lit'st is that lilt' (h'vil't' t1:t_ :111 iltht, rt,l_t _l_)i.,,(, stt_.h l:tr<.,'e x'alut, tlt:tl it t'eStlllt'(l ill \'(,It+ +', _)t_tl);II

h"+'t'l whi('ll,_h'l_t'nlliH,,'(m,_ _ht, th,_i<,'_t,Sl+eCll.:t]t<l.,.. <if the dtqt,l'ti_t_ " dr, vie:,, llli,+vt,;t,,_', tht, (Icvi,.e

lift+ u;:iv l)t, t,ilhel . x'ei'y hi_'h <ir ltlllllt't':tlt+t\ • I,+_",'.+, lltttl Ill: +'l)t'l)i)tq'ty, t]_ttl lli+_'t' ll:t'.'ili_" llt,tt't'tt';l t ll_'

hut is st,hhi;u l_t,h,w the nlit'r<lvoll Ivvt4. The ,I-<', it w<,uhl Ito hitt_t+r rest>trod t<+, +t t.ll:t_t_t, it+

lift, _>f lht +._'It<q+l;t,r aud lht, t,11't,<'tof lhe (_vt,t'- l)<ll:tt'il'+,• t_llh,;- tllt, ill'iV:" Si_'It;l} \',St:+,_+,l_I_1:+tl'_l.

totals (+It lht, Ill',., is st|< ',_ th:tt :hi,st, dt, vi,'t,s :try .Mtmus <if' itt't'(lll_l+lis}_ill_ Ibis v+'tq'(_,th,vist,d. :Utll
nl_l used ultlt,_stttq,,.,ssal'x ". 'l'ht, sizt,+tn_l wci_'l_t ;t s vstt, lt| llrl+\'itliu_ ' _'<+ntt'<ll will+ ;t l+l;t_'lllq<l-

/!_._'
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motive force "_s weak as 16 microampere turns [ I

wasdenmnstrated. Curre,,tash)was30×10_ _ o-_ ] _ll_]_ll_ O
amperes would therefore control tile output of F,uxJ _L'_[ PUMP f
tile sensor. This corresponded to a control co_L[._ .n_bl
l)ower

The name Paractor (trade name, of Trans- SIGNAL{_ T [ li_l _0

Soni('s, Inc., Burlington, Mass.) has been given "-

to a, family of devices which employ thi_ type OUTPUT 2f

of parametric amplification (fig. 1). One cir- [ I
cuit of the Paractor is shown in figure 2. The

('ores are miniature permalh_y structures that Fmvm_ 2.--Paractor circuit.

are usually driven with high frequency current,
a typical value being 50 kc. When the circuit DESIGNANDCIRCUIT

is driven, sinusodial oscillations of twice the External appearance and intern'fl eircoit of
drive frequency will appear at the output ter- the Paractor arc shown in figure 1 and figure 2.
minals. These oscillations can have either of The two driv_ or pump cores, a and b, are
two pha._s, 0° or 180% _ ound in opposing directions. Preferably, the

The amplitude of the outlml s;gnal del)ends pure 1) {.ores :_re magnetically nmtchcd. The
on the drive current and does not vary signifi- third core c,,rr:o,s the output winding which is
ca:ltly with the d-c signal being detected, externally tuned to double pump frequency

However, the phase of the output osci]lation is (2f). The d-c sig_ml or flux winding pa_es

determined by the direction of the d-c eurre_t ,_:,.:;,;g:: ,ill three {:ores.
at the time that the driver aml)litude rea:_c_ a The dwee-core assembly is shielded from ex-

critical value called the reversal Foi,}t. By ternal magnetic lletds by a sof_ magnetic en-

modulating the drive current as wiii be de- closure. The flux c{_il ;s shorteircuited for ac

scribed in later paragraphs, it i_ t)ossil)le to by an extemml bypass , P!,acitor, effecting the

cause the phase h periodically ixldi_",_lethe di- superposition of pum*; ,_.,4 output frequencies
recfion of d-c current in the control P,,:_. (f+2f) which is respo'_ ' :::,for the remarkable

d-c ser_sitivily and oih_r ¢'., ,racteristic features
o): the Paractor.

_.-_ Cores a and b are d, i, :,,:. for example, from a
modulated 50-ke so;_.-,, A sinusoidal voltage

_ of frequency 2f ( h,:' ;_' . Is observed at the out-_.J put termhmls. ; :.' Qr,_plitude of this voltage
-- (lrponds },,rg{i...-_ the drive current. The

1)h,se of ¢l_c (,., _, ,, signal "2f is found to have
71" 7r

[ l/ one of two w_l_,,_s+T2 and --2-. Tim phase of

----_ the oscillat ida is determined by the direction of
the d-c signal current at, l he time when the drive
current is near its maximum.

FLUX PUMPING

The sensitivity of the Paractor to weak d-,'

// signals is caused by internal d-c flux amplifieD-
[ tion or flux pumping which may be described

DI as follows:

As the Paractor is energized, a small error

FmuR_; 1._Pie_,_ of th_ paractor, voltage appears across the two opposing pump
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coils which is transferred by means of the flux [' PARACTOR ]_ i PARACTORI
, t . t-" / DRIVER/

L _ INTEGRATOR
coil to the t, :_.ed ou,'put circuit. The respond- [ _LU×.1_.'_ JPARACTOR _.

ing 2f oscillat,on of tl:e output circuit is coupled CO,LJ-by the flux coil into the pump cores. Tile pump R

c°res are tl''ref°re maff'netized bY the super- t l

imposed f+2f frequencies. The f and 2f cur-

rents are substantiaUy sir)e wave, and the re- VOLTAGE

suiting mmf in the individual pump cores has no + SOURCE l J[d-ccomponent. In each pump core, however, il) F_k__
though the areas under the f+2f current half- ,_V_ :

waves are alike, they differ in shape. This v I ¢" R2 V0 OUTPUT
peculiarity occurs when even harmonics are _v,2 _ .
added to the fundanaental frequency. There- l

2xffore, though H dt =0, the curvature of the
J0 FmURE 3.--d-c voltage amplifier.

magnetizing curve causes B dt=z_F; tb.e accurately proportional to the unknown signal

positive flux is unlike the negative flux. The and used for the mcasm,,,-aent of the d-e input

difference &F is the flux component. The d-e signal (fig. 3).

flux rises with the pump current, causing an PERFORMANCE

increase of the second harmonic which is fed The pe_:ormance of the Paractor is described
back into the output which aids the d-c flux with reference to figure 4 which shows in
signal. This, in turn, increases the second har- Curve 1, the '2f-output vo]tage in mV per turn
monic in the output circuit. Depending on vs pump ampere turns. The output-voltage
pump power, this flux pumping goes on until curve indicates the effectiveness of flux Fump-

core saturation sets the limit, ing. The output voltage rises with pump cur-

The phenomenon of d-c flux pumping is rent and reaches a typical maximum of 1 v)lt.

responsible for the difference in performance Beyond that maximum, the fourth ],._,,'monic

between the Paractor and the raagnetic amplE- appears in the output, and the output amplitude

tier. Firstly, due to Lhe internal d-c amplifies- decreases rapidly as flux pumping is limited by

tion caused by flux pumping, the sensitivity of saturation of the cores (see ti_. 5, oscillogram I
the Paractor is 100 to 1000 times greater than for output wave shapes and corre _onhisag

that of the magnetic amplifier. The Paractor pump currents).
Curve 2 of figure 4 sho,:,-s, :,_ a function of

responds to signals down to 10-microampere pure l) current, the mA turos of a d-c signal nec-

turns. _'_condly, whi]r the magnetic amplifier essary to reverse the output phase. Curve 2 is
responds to the d-c signal with a more or less typical; it shows the dependence of output
proportio,al change in amplitude, the response stability on pmn l) current; the amplitudes
of the Par.:"tor is digital. The 2f-output shown v_try considerably with the magnetic

frequency appears at the q-_ or -_ phase status ,.)f the pump cores. Phase stability is
- very high when the pump is we'lk. Without _

corresponding to -4- or -- d-c signals respectively, d-c signal_ the Paractor always starts oscillating
(,qmnges in amplitude are incidental and not at the ph'lse of its last, operation. With iucreas-
usable for measurement. The phase alone ing pmn 1) ampere hlrns, output stability de-
counts; it is transmitted to tim I"aractor control creases. At a l)articulac point which is close to
circuitry where it directs an integrator to saturation of the t)ump cores, flux pumping
generate higb level feedback .,,ignals which are ceases completely and /he output phase can be
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=ogc/s ,ec Reveled Point) As tJ:e pmn 1) power is re-_|

___ +_. l_ duced I_low tile reversal point, flux lmmping
_m starts rapidly and tile established phase is re-

_ cuavE.,l:oc" rained until changed durin,,, the next sweep
._e lhrough the rcx'ez_tl point, lh the ab_nce of a

_s _-N _,4t d-c signal, the pha_, after sweeping through
. / ua'_ cuavE, the revered point, is random. In order to co]n-
_" / "" bine d-e _nsitivitv and pha_ stability, the

_..2 K / ...______w_,."_ Paractor is normally driven with an aml>litude-_ _., .-Kc/s modulated lmmp curt_nt.
- ('_---._ _..___L-_! = ..t The n'_lulated pmn I, s_eeps hack and forth.

h_] I between l'ha_ reve"_'i and a c°nvenient "adit'gmay prac-s3"z: amplitude. In some ea_s. it be more

r" [ \ /r _v'' tical t° use a fixed puml' amplitude with asuperi:,:posed modulated loss" frequency (400

"_" [ _J cps). (See O_illogram III, fig. 7.) The
_* _-ctm_ 2 Pamctor can also be ope;_tted with a constant

"i / pump current, preferably at points nearer the

_0 I reversal point where relatively small d-c signals,, suffice to reverse the l)ha_. This nmde of ol)er-=_- i ,-,t ation does not exhibit the high .,¢nsitivi:v andt -'i" -e¢
,oo,,c/s _dn obtainable with the nmdulated pump.

CIeCUIT APPtICATION OF mE PARACTOII
FmvrtE 4.--Par, zctor outpu_ (1) and Mability

r,,.rres (g). --L_a result of the Paractor's ability to detect

small currents with a gt,od zero stability, it is
set. by a minute d-c signal. This is called the ideally suited for potentiometric measurement
Phase Reread Point. of low-level d-c voltage. In this typical appli-

At this point, the 1)hase of the Paractor is set cation, the Pamc£or fiux-coil terminals ate

by a mimtte d-c current (see fig. 6, oseillogram connected between the voltage source to be

II for wave shapes below, at, and beyond measured and an electrically controlled voltage

UpperTraces: OutputVoltage 100kc/s
LowerTraces: PumpCurrent, _ kc/s

Pump(f)- Signal(DC) Output (20

_-_.._x_ Phaseset by -DC

"_ a. 62.5 & 125 mat +50/At 0.05V/cm

_'%,___ ,_'_-___J'_ b. 250 mat +50FAt 0.05V/¢m
; . ' PhaseReversal

c. 125& 200 mAt +50pAt 0.2V/cm
Phase re-

FIGURE5.--Oscillogram I, ph_lse reversal.
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PARA_IETI_I(; A.MPLIFI('ATION OF D(" lf)],"

Upper Traces: Outpul Voltage 100kc/s
Lower Traces: PumpCurrent, 50 kc/s

__ Pump(f) Signal (DC) Output (2)

Phaseset by -DC

a. 375 mat 50/zAt 0.05V/cm
r Saturated

b. 250 mAt 50/_At 0.05V/cmPhaseRev,_rsal

=. 200 mAt 50/zAt 0.01V/cm
Min. Output

FI,_t I_F,6.--Oscillog l'am l l. a-e ._.atura/;o,.

that will track tile source vohage. &n accurate R2+ R1
voltage divider determines tile amount of volt- determined by tile ratio R2 The "'negli-

age amplitication (fig. 3). gible'" loading of the voltage source at bahmce
The Paractor OUtlmt is phase-detected, a.nd also guarantees the accuracy of the gain as set

the resulting d-c l)rograms an into7 ..... ,,r circuit by the resistive divider since the l)otentiometric
of the Miller type. The phase detector is ar- voltage VR2 is also "negligibly" loaded. ,ks

ranged so that if VR2 is smaller than Vs, tile an example, an out.put voltage of 5 volts fox"a
phase detector output wil! cause the integrator source voltage of 10 millivolts and an accuracy
to increase its output, hence VR2. of 0.05 llercent calls for an input resolution of

Once I)alance is established l)etween Vs and 5 microvo!ts or better. Tile maxilr,am current

VR2, a negligil)le current flows through the flux 5

coil. The gain of such all aml)lifier circuit is flowing through the flux coil is R3 + RL + R2

UpperTraces: Output Voltage, 100kc/s
Lower Traces: PumpCurrent

_ _ _ Pump(f) Signal (DC) Output (2f)J

'-/ _ _ Phasedby -DC

a. 200 mAt +50/_At 0. lV/cm

b. 200 mAt at 65 kc/s +50/LAt 0.1V/cm
+100 mat at 400 c/s

/ _._/" - e. 200 mat +50/_At 0.1V/cm
Phasere-
versed

",,,,

Fmvm" 7.--(.),_cilloqram, !II, pha._e re_'ersing with superimposed m_dulated _O0-eps /reflUen_'!/.
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[98 SYMPOSIUm[ ON TECHNOLOGY STATUS AND TRENDS

microampe:es at balance. (RL is the resistance that the Paracto:" will operate at verT low tem-
of tile flux coil.) This current nmst be sufficient peratures and has therefore made available an
to yield a Paractor output capable of program- interco,,parison device which has virtu,qlly no
ing the integrator after phase detection, zero shiftasa fimctiou of temperature. Tiffs,

The cru lest integrator circuit will require a ;along with its high gain, should make the device
relativefy smM1 input even at. full output, of great use in cryogenic applications.

As a result, the difference between tim feed- 3. As a menmry element.
back v ,ltage ahd the si_ml is made negligibly A prol)erty of tim device wifich has not been

t small, and the circuit gain is dependent only on explored commerciall3, but which may have
the q mlity of the feedback resistance divider, important iml)lications , is the use of the Parac-

It wdl be seen that this circuit operates in a to- as a memol T element. Referring to figure
mar ner similar to a self-balancing potentiom- 4, if the drive amplitude is less than the ampli-
ete,'. The integrator runs until the error volt- tude at the reversal point, the phase of oscilla-
age as fed back equals the input signal. This tion of the Paractor remains constant and is

,nethod has the inherent advantage that the determined by the direction of the dc flowing
electronic circuit need not be linear or have pre- in the flux coil when the Paractor was last oper-
cise gain. ated at the reversal point.

i'h,_ zp_d of response from zero to full scale The device possesses the unique property ti:at
is determir._t: t)y the integrator-circuit time con- it is able to remember the phase of the a-e volt-
st,_nt and the phase-detector output voltage, age (with respect to a similar dev-ice) even after
The modulation frequency determines the speed the po,ver lms been turned off, and the phase
of response r f the Paractor, and therefore the may be recovered _,t any time; for example, sev-

ul._;mate frequency response of the system, era: lays _tfter a power interruption. It is the
first device, so far as I know, which has an a-e

COiqCLUSION
output, and is capable of remembering an in-

& new approach to the problem of detecting serted state following power interruption.
de currents has been reviewed. Parametric The Paractor used as a memoD" unit has

pumping of a d-e flux that controls the output another property which may be of importance
is the reason for the high gain and sensitivity, in the future; its output is a continuous stream
The device described may be thought of as ha.v- of oscillations, and it has a definite and contin-

ing three general classes of application : uous output indicating whether a one or a zero
1. As an ultra-sensitive relay, has been stored. Most magnetic memories have
An existing commercial apphcation has been the property of being one shot, and of having

in the detection of the binary output of a trans- a limited amount of total energy available to
ducer hawng parallel d-e outputs. The device indicate the quantity stored. The energy avail-
is used aboard tim TFX-Flll airplane where it able from the Par_ctor is dependent only on the
detects tim presence or absence of d-c voltages length of time that the Paractor is observed,

from an oil tank gage. and the longer the observation period, the larger
2. As a d-e amplifier, the total energy. Tiffs may open up the possi-
in this application, the Paractor may be used bility of using tim Paractor as memory elements

in a circuit similar to that described earlier in aboard satellites where they could be interro-

this paper, mad appears to offer a level of per- gated after a long period of time, and the out-
formanee wlfieh may be considerably higher put read-out over a substantial period, as might
than previously available. It has been noted be required by certain communication systems,

1966008417-213



BLANK PAGE

1966008417-214



r i. , •
lb

_°_L _

1966008417-215



,_00 SY:MPOSIU:_I ON" TECIINOLO(]Y STATUS AND TRE.-_'DS

FLATCONDUCTORCABLETYPESANDMANUFACTURING wiring. When long runs of parallel conduc-

Printed Cables tOPS are needed, tile lamination mamffacturing
method is mostly used.

As mentioned before, the flexible printed ca-
ble is basically a printed circuit on a thin laminated Cables

plastic carrier. ,It. is r_anufactured similar to Flat conductors parallel and pr ,#|
printed circuits by printing and etching. If are sandwiched between l)l,:'ti( ' films of suitable
l'uwe q,mntities of a pattern are needed, for ex- electrical and mechanical prol)erties. Special

ample, wiring f,_r the Prince Telephone or the machines were developed to handle the various
Polaroid Camera, then a COl)per-clad l)laslic parameters important in laminating of 14asti('s
tape is printed and etched in a continuous proc- and adhesives. Such variables are: tempera-

ess. If needed, a cover layer for circuit ture, pressure, andsl)eed. Other important fa,--
protection can be added, tars are: adjustable con(hwtor gui(les for l)re -

This printed and etched cab'.e system is very ci_ center spachlg, consideration of shrinkage
•ldaptable to the various needs of diagram con- of cable width during quenching, preheating

figurations, conductor widths, and termination of tapes and wires, sensitive tension-cant rol de-
designs. It is somewhat limited in conductor vices for tapes and condu,'tors, proper gnfidance
thickness. Heavy conductol.'s pose an etching for the tapes an(l the cable throughout the
problem when small ('e,iter spacing is required, machine. Tile production speed is a thermo-
Also, etching time is directly proportional to dynamic problem. Newer fiat-cable laminating
copper thickness, and flexibility is nmch re- machines 1)roduce cables 12 inches wide. The
duced with increased thickness. FortuP.ately, wide cable can be s!itted to the desired width

these extremes are exemptions. The bulk of the of individual cables (rig. 2).

wiring needs for electronics and communica- The manufacture of shielded cables is still

tion equipment can well be fulfilled by etched more or less ii, the deveiol)ment status. At. the

Tension
_-Regulator

-. _ _L Temp.8,Force

_ .J gielectric'_c_ Controlled
I _ _ Tape'"'>/ _ /-" Laminating

l--' 1" -- %,. t-Rollers MeasuringOf Spacing

| |0 _, _ Quencher/FeedbackToSpacer

I__ J-Spacer2__"_ TrimmerAnd_ _+ _

t3il t::)l _0 Slitter

_ioo_ - _0_ lHydraulic WinderJFwlithiTension Force
Control

Fmt'RE 2.--Cable-laminating m_ci_Me ,_chema/h'.
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FLAT CONDUCTOR WIRING SYS'I_;)IS 20l

preseut time, it seems to be nlore 1)ractical to ...........I Illm _ _:'-_ Lominoted
add the shielding foil to tile cal)le ill a second .....

pass through tlle laminating machine when

needed. The adhesive used for laminating must z _'_l_ E_,.ded
have enough bonding strength to prevent (le-
lamination and minimize wrinkling when the ......
cable is foxed or folded. 3 _--_-_-I P,.in_k,,.da _o._..,,d

Other Coble Designs 4 S l-',.. , i Etcheda Lominoted

Besides the two cable desi,_q_s and manufac-

turing methods mentioned above are combina- s _ Copper,Spmycooted.F.tchedaSproycooted

tions of etching and lamination procedures

used. Confomnal coating of the etched surface [.C.I_'RE 2).--T'a'Y;oll.u mtt.q.s.o.f ii/allll.felctttritl(7
is an accepted way of making flexible fiat ca- fiat cables.

bles. Still another system is the extruded

cable. The latest type is the high-density, fiat-
conductor cable. Preinsulated fiat conductors peratures. Table I is a ehart of plastic

are cemented together edgewise and sand- materi,.Is mostly used for making flat

wiched between strong plastic films. This ca- conductor cables.

bib type perm.its the snmllest spacing between The advantage of Mylar and H-film over
conductors because of the seamless insulation polyvinyl chloride and Teflon lies in their ten-

(fig. 3). silo streng'tll and dielectric strength. Teflc,::
has a low dielectric constant. Therefore, a

mATEmtA_ combination of Teflon FEP as internal bond

The electrical conductors of the cable will in and insulator and H-fihn for mecllanical

most cases be high-conductivity copper. Cop- strength is the best confl)ination. In addition,

per alloys to improve the tensile strength of the Teflon can stand temperatures up to 200 ° C.

cable are not. necessary because the strength of For applications not requiring over 85° C oper--

all conductors combined with a strong dielectric ating temperature and no special mechanical

film makes tim cal)le strong enough for all stren_h, Polyvinyl clfloride is the nlost eco-

practical purposes. The dielectric materials nomical choice. Next higher iu quality and

must meet the electrical requirements of high- price is Kel _ Teflon, and Mylar. The best.

dielectric strength and low-dielectric loss. In overall material and the highest in price is the

some cases the cable must withstand high tern- combination of FEP Teflon plus H-fihn.

T.uu,_: I.--Propcrtie,_ o/,_,'ome Flat-Cable Plastics

Properties . Unit Mylar Teflon-FEPfiberglass "H" film PVC

Dielectric strength ...... _ V/Mil .......... 6000 I000 ............. 6000 ........... 800.

Dielectric constant ....... : 10 s Hz ........ 3. '2 2.5 to 5.0* ........ 3.2 to 3.5 ...... 3 to 4.Tensile strength ......... kg/cm 2......... 1270 400 to 1000" ...... 1200 .......... 200.

Maximum service tern- oC ............. 125 250 .............. 500+ ........... 85.

perature.

Gamma radiation endur- REP ........... 10_ 10 a ............. 5xl0 9 ......... 10 _

alice.

*l)cpending on amount of fiberglass.
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_02 sY_POSIU_ ON TECHNOLOGY STATUS AND TRENDS

FLAT CABLE PERFORMANCE DATA . . I/8"R Typ-,_
. MOTiO._ \\ FCIomp

Mechanical Qualitios I/2" Dia Rollers---_ " _ Cable _*\
\\

As described in the previous chapter, Mylar, _Clamp ,_F_N\ __ ,,,-, x_-_u •
....... i.-,-=,,_; .,-,-,-_

Tefl°n' and H-film ha'v_ °utstanding p°ssibili" x% _/z ?'*"r _,,,......ties and are ve.ry useful for flat cables. Tile ap- 3_ ===_t__=._ji;_
plication and installation of flat cables require ,_7)7 Fl'_ | "
mechanical flexibility, foldability without _3"'rra,I

showing cracks, high-fatigue strength at high- FIGURE 5.--Fl_r test. ,_'tai.nless steel rollers,

vibration levels, and tile cable must fill tile elec- ,32 fini._h on o.d. supported by low-friction

trical requirements over a wide temperature picot bear/n£._ (free mvri_g at 7.5° C).
range. Mylar cables have proven acceptab]e
ina range from -60 ° Cto +100 ° C. H-film The installation of flat conductor cables to
cable bonded with FEP Teflon can success-

fully be used from -60 ° C to + 200° C. Strong the surface of a liquid oxygen tank l)y adhesives
also reveals remarkable properties. The ad-

efforts are under way to repl,ce the FEP ad-
hesive-bond strength of the flat cable to the tank

hesive by a new material which can stand
wall and the shear strength of the adhesive is

higher temperatures to make use of the full high enough to stretch and upset the flat cable
temperature range of H-film. Figure 4 shows by the same amount that the tank grows and
how the flat cable can be folded to change rout- shrinks _u_*emperatures change when the tank

ing direction and to fulfill the placing require- is being filled or emptied. Fig_lre 6 shows a
ments of installation conditions. Fig_lre 5 10-foot flat cable installed on a lox tank in a
illustrates a flex test setup as required in rocket motor test area.
MSFC-SPEC-220.

Electrical Data

H-film and Mylar having a very high modulus

of elasticity, as compared to PVC and Teflon, From the very large number of tests and data
l cannot, be used for round-wire cable without available, only a few of the more important and

typical ones are presented. The electrical-load

paying the penalty for stiffness. Abrasion tests capability of flat cables as a function of tem-
(pull tests over a -_-inch-diameter steel pin) perature is shown in figure 7. The flat-conduc-
show the superiority of flat cable over a round- tor cable can handle more current at the same

wire cable by a factor of 3 to 10. This is easily temperature than round-wire cables when the_

understandable by looking at the contact pres- same amount of copper cross shction__ ,,re used;
sures of round and flat conductors when pulled

over an edge. ._L.,_-.,

. , , ,,.

I:,", h,.1_",.i.'_" _,t._.,__ '

Fmv_ 6.--Adheslve feet on a lgffuld o_ygen

Fioum_ 4._Flat-cable folding techniques. _(_nk.
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FLAT CONDUCTGR WIRING SYSTEMS 2_93

T.,.p.,ot.,-'_,s Cable Impedance
_bcleAmbient(_C; _ou_dCorl4ucCofs Fiatcondu__ors

"C _7AWG {.004_ 040]

oo0,_ Figure 8 shows some dielectric capacity fig-

6_-- 7- -- '-_ tions.Uresin pF/ft on various conductor eonfi_ra-

! V ! ]-i ___ _ F,.,c.b,., ]........ The electrical capacity between adjacent

_2" F- -- conductors is very small (5.7 pF/ft) because

1 ! ]' _- they face each other with r_ small surface area.

4O

,ov.,_o.,,,.. The conductor-to-ground capacity (6.2 pF/ft)

mm

is relatively high if the dielectric material is

20 i- _" thin. In cases where high capacity is detri-
mental to the circuit functioning, the conduc-

--_ tors should be serf:rated, or extremely small
_ _ , ' copper cross sections should be used.

Figure 9 shows 8 cases of pickup voltageFIGURE 7.--Cable temperature rise versus cur-
caused by disturbing signals in neighboringrent. Zaced round _oire cables (PVC) and
lines. The influence of separation and shieldingflat conductor cables (Mylar) _5 conductors

1 m long, in series, horizontal position, is clearly demonstrated.
Figures 10, 11, and 12 are demonstrating the

voltage pickup as a function of frequency shield-
the copper cross section in communication and ing and positioning.
signal cables is usually of no electrical signifi-
cance. Often the size of the copper cross section CABLETERMINAl'IONS

is controlled by the mechanical handling re- By the nature of their geomctly flat-conduc-
quirements. The flat cable offers good advan- tor cables of any kind call for a type of termin_-
tages here because of the structure. Flat cables tion and connector much different from the

fcr high power are feasible and practical in connector used for conventional, round-wire

isolated cases where heavy round-wire cables cables. The pin and socket, design is no longer
pose an installation problem. For instance, on the best approach, because it is much more ex-
the surface of a spacecraft or large rocket, wide, pensive than the design which uses the flat, con-
thin copper strips can be mounted by using ad- ductor itself as contact surface. The commer-

hesive and eliminating fasteners, thus saving cial use of flat cables demands simpler and less

weight and labor. The contact mounting of expensive terminations, and the improved re-
cable also has considerable heat-sink benefits, liability inherent in a simpler design is also
which in turn reduces the temperature and re- very desirable. Weight saving is another wel-

sistance gro_th, and consequently the R-I come advantage.
losses. The termination of tailo:made etched cables

F""-f 5,7pF/fl _2_--_ is mostly handled by soldering,eyelets on the

conductor ends to a set of pins. Other etched-

.---1_"[" o:5_T,_ _ _ cable terminations are also _asible. The nearly
--_ _-..o4o"T,p direct approach of using the conductor as con-

'/-" /°? k tact element is applicable _o both etched and

I ___'_,,¢_} _ lami,ated type cables. The follo_ving para-
graphs describe the NASA-Marzhall termina-
tion and connector design.

/2_ C.b,. ,,u,
) m/sms l

Figure 13 shows a typical section of a fiat
,,a-'/''_" ,,3 cable plug which is molded to a cable end. Be-

fore molding can take place the cable end must
Y@iu@| for Polyest@r |.@_;l@hon

be stripped of its insulation. Figure 14 shows
Fmv_ 8.--Typicalflat-cable capacity figures, the three steps of termination: (1) the cable is

795-453 O-66--14
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(0.8 mV/ft.) (0.55 mV/f t.)
D O.8 rnV/ft D 0.28 mV/ft.

T

ii 12 3 4 i 2
035" Typ. ---J I_ (0.40) (0,08)

D 0.41 D 0.06

I-=
I 2 4 4

r---.O027"Typ (0.37) (0.06)

_- ___1 __L_ D -- 0.37 D 0.03

040L---_ L--. ' (0.09) .O035"Typ. (0.050)

Typ D O.05 D 0.016f

I 2 4 5

(X.XX)-mV/ft. for 4 Amp 400Cy. 120V Values for Polyester
in I+?. Insulation

X.XX -rnV/ft. for I MA 400Cy. 120V

Sensitive Circuit Terminates With 5000 Ohms Each End

FIGURE9.--Typical single-cable crosstalk figures at/400 Hz.

stripped, (9) a spacer is inserted to place all Another stripper, which is still in develop-

conductomproperly, and (3) the plug is molded, ment, uses a fast-rotating felt wheel. This
Figure 15 shows a schematic of a stripping tool abrasive stripper seems to work well witb
designed for FEP Teflon-bonded H-film thermophtstic materials.
cables. The cable end is inser,ed into a simple The next step in cable end preparation is the
hand tool and clamped ill l)lace by flipping a insertio_l of tile contact spacer. Two small,
lever. A knife-edge is then used to pull the in- premolded parts with precisely spaced recesses
sulatioll off. The entire stripping operation of serve for the proper I)lacing of the stripped con-
a cable up to 3 inches wide takes but a few ductoi._. The spa(.er is held by forming the
seconds. Figure l_ shows this stripper in conductom. The last l)hase is molding. Injec-

operation, tion, transfer, or compressi(,u molding, depend-
For cal)les built of thermoplastic materials, a ing on the material selected, can be used. In

stripper with a heated blade can be used. The most cases a protective coating of the conductors
(:able end to be stripped is placed l)etween a rub- will be needed; 10()-microinch nickel ('an be
bet roller and the heated blade. After insertion used as a sealcoat against copper corrosion, and

of the cable end, the blade is pressed against 50-microinch hardgold electroplatiug have
cable and roller alld then pulled slowly out while produced excellent contact quality a,ld wear
the blade takes the insulation off one side of the resistance. Adding the proper rubber seals

cable. A second pass with the cable reversed re- completes the cable 1)lug. For cable applica-
moves the plastic front the other side. A paper tions without moisture protection and with in-

strip removes the molten insulation from the frequent insertion requirements more inexpen-
cable and blade. This procedure takes about 30 sire designs may i,e used. Flat-cable manufac-

seconds, turers, users, and firms of the connector indus-
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m V/rn

D $
e.a==_ _.=_ .004" I00 ' • -- - _r-r'1

i V-- -- == -:-_ _/,
/ il'l.040" I/

e_ .010" 5

z-I_ -- " -- m(JL'
I z/

.035" /
D S / i

'T 2 " '--< 1o / ;
3.

J
r

Disturbing Sensitive l .

Circuit Circuit /

"D.... s" / //
28. 3 Volts m V/m (PP) J J_

Peak=to-Peak -=

5000 Ohms 5000 Ohn,s -- --

Load Termination )

each end i
I

Insulation : Mylar ! I , • i J
1 I0 I00

Frequency (kHz)

FIGURE lO.--Crosstalk voltage cereus frequency, no sbeM.

try ha_e proposed and designed a variety of contact data, such as contact area at a given
flat-,.al)le tern, inations, force, contact resistance, and the like. The con-

R,cevu,c), tact spring hardened after forming, also nickel

In ma:,.y cases a standard printed circuit card and hardgold plated, is mounted with pre-
receptacle will suffice. When protection against tension. Fig, re 18 shows 130g-preload and

200-g contact force after 0.84 ,hm deflection
moisture, vibration, or a gas seal is requested,
a mo,'e _oph.sticated design is needed. The when the plug is inserted. Th,s indicates a high
NASA-Marshall connector receptacle fills all contact force at a low spring rate (so_t spring)
these requirements. A sufficient number have allowing reasonable manufacturing tolerances

for the nmlded connector parts. Methods forI)een manufactured and tested, and ac('epted
and qualified for 3pacecraft launch vehicle use. applying the contact-spring system to various
Figure 17 shows five sizes for fiat conductor types with 5 sizes each have been devuloped: a
cables of 1- to 3-inch widths in lialf incb incre- connector housing for mounting to the inside

ments. Figure 18 illustrates a typical section and one for the outside of an instrument box,
with some design details. The contact spring connectors with solder pins on one side for
is formed of berylli,m-('ol)per wire of a l_ctan- soldering the eyelets cf etched fiat cables, and

gular profile with one rounded side. One side the third type, a ('able COUl)liug. All types have

is for making contact with the cable plug. The protection against moisture and air leakage.

r,,_undm,ss is important for wearlife and defined They are vibration and shockproof and can
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stand some abuse in handling. The plugs are cro_-sectional area is given in square mils; for
keyed to the receptacles and retained in place example, a 4× 40 conductor has !60 square mils.

by snap springs: safety wiring can be applied. The conductor center spacing has been fixexl Lo
50, 75, 100, and 150 mils. The number of con-

STANDAI_DIZATION ductors per cable depends on the cable widths,
The introduction of an entirely new cable which are accepted by all major manufacturers

eoncept offers the best oportunity for standard- to be increments of 1,- indL NASA, IPC, and
ization. Even American Wire Gages are AId have established cable dimensions up to 3-
clumsy in comparison with the milliv..eter or inch width. This is reflected in SAS 7_9 and
square mm dimensions which signify diameter ..... .or _-ot E(.-220.
or cro_,s-sectional area of conductors, and are The benefit of eabh standardization and lira-
used in all metric countries (all countries except
the United States, Canada, Enghm,!, and Aus- itation of the number of cable sizes (6 so far, in-

tralia). The writer proposed the metric system eluding 1/2 in.) will become prominent when

for expressing flat-cable dimensions, but. United looking at the connector inventory. Hundreds

States industry was itot, ready to accept it. of round wire connectors of various typ_s and
• styles and sizes will be replaced by not more

Slandatdization P,,taih and Goals than 6 types with e sizes each including the

The _opper dimensions of flat-conductor shielded types. A very optimistic goal is a

cables are given in mils (0.001 inch). The standardization of connectors so that the plugs

3
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Disturbing Sensitive
Circuit Circuit

"D" "S"

Z8.3 Volts m V/m (PP)
Peak-to-Peak

5000 Ohms 5000 Ohms
Load Te rmination

each end

Insulation: Mylar

Shield :Copper Foil l

I tO I00

Frequency (kHzJ

FW.URE12.--Crossfalk voltage versu:_ .frequency. two shield_'.

, of one company will fit z_ceptacles manufac- plicated cabling systems. Yet these cumber-
tured by another company, some, heavy, ,:nd expensive long-lead-time items

are generally Lot planned for or dexigned. It is
FtATCAmtEHARNESSDESIGN left. to the she 1) persomlel to adopt thecables to

The wiring of m;i:tary rockets and of huge existing missile systems. The fiat-cable system

NASA spacecraft invoh, es very large and corn- demands an entirely new manufacturing ap-
proach to make full use of its inherent benefits.

__ The word "cal)le harness" of former (lays no

longer fits, because the fiat-cable system mainly
consists of individual single cables not inter,

_,., co_.,-_ connected nor branched into many arms. This

_i'i_ ___, simplification brings short manufacturing time,

and in turn, short lead time. The cost for this
is coordination of all interconnection require-

,,....................................., ments. The equipment designers must coordi-

nate the pin functions of the buxes to be inter-
connected, since the fiat cable cannot be used
as switch gear for wiring diagrams andEnlarged SIcli_n

changes, which has oi_curred so frequently in
FmUR_ 13.--Plug for two cables, section, the past during cable harness manufacturing
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Tile straight runs also offer ad an'a2:es when
changes are needed or when a cabi, has to be re-
paired. Such repairs can be made I)y cutting
off the plugs of the damaged cable, leaving tile
cable in place when inaccessible, or taking it
out and replacing it with a new one.

In certain applications branching is unavoid-
able; for instance where a group of strain gages,
temperature, or vibration measurements nmst

Fw.vms 14.--Cab/e termination in three steps, be carried to a signal conditioner and telemeter.
This necessiates a Christmas-tree-like cable

with end organs at the branch ends and a single
phases. The short lead time allows more tinm

connector :_t the trunk end. In other words, the
for changes _fore cable manufacturing starts.

cables have to I)e slit, folded, ar 1 routed to the
Tim principle of straight cable runs (cables

proper points of measurement. ('al)les with
without branches) may necessitate more con-

sufficient space lx,tween c(mductors to facilitate
hectors than in the past when round wiro har-
nesses were used. slitting shouh! ; e used.

,w_-_-,,l• ,¢o_?tcT$ SQ *._¢l.tll mcttva.cLt,

3 7@ ; 2.87 t 57

. \___,-up (.%t.z) -- i --_........l-.... i ......
',\X"¢" /co.. ' I I

Start (Pot. r Coble--_
._. _ tl _ "I /_-'-'_ ",_

tro,.3)

m mII :
2 5 04 t 2.51 i 50 i!

2 i .o !1.e5 i a_
• ; . ]

i "" 3e i 'a.5, ] a2

"_/ ........ J ; _ _........

Floe:mE 15.--tt-filra 8t_Tc; , schematic. FIGURE17.--C,mnectors, data/or 5 sizes.
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FLAT CONDUCTOR WIRING SYSTEM.'- .J09

P,,°,. c,,_.,80.,_ The bulk of fiat cable will be used for measur-Installed Post_t0n .... "
ReceptOCl¢ Half •

s_ wo..m_,,..... rag, signal, and control cables, e._pecially where
reliability, light weight, and low overall cos(

0.,,_,.o_(,._=) are essential.t

-., li: -: :_, It illaV be of interest th,:t (_eneral Motors is
-_

i il/i_]i using flat cables in l)assenv, r car wiring,
arid0.5 ---

(! :!i_l_:i_--: other automobile produ('er._ are believed to beI" Lo_d(_ seriously considering the fiat cable. I)I'ms are
Contocl _ 5o i_o ))G zoo )

sp,,._ ,. l)eing developed l)v major airl)lane companies

=:_ P_- 5_c_,°o,. sz9 to apply fiat (',mdu('tor wiring. The computer_ E_-oCkel Coqv_r Im m .

..... industry has I)een using flat ('onductor flexible
c:,_uc,_, ('al)les in high-density 1)ackaging for some time.

FI(;II:I-; l£.--l_rr',.'ldruqe .,wet/u/, am/ Sl,'/tLq FLAT CONDUCTOR CABLE INSTALLATION
diagram.

The installation technique for fiat cables is
The desi_ler should always use the minimum rehd ivelv simple. The exact routing should be

copper conductor size (.ontrolled bv the per- determined after the equipment to be connected
missible voltage drop and the nearest standard is installed. A (tummy cable is made from a

size. It is recommended to u.-e uniform ('on- strong paper tape cut to the final cable width
ductor sizes and spacing in one cable to confrom and coated with l)ressure-sensitive adhesive; the
to standard connector desig'ns. When one con- dummy cable is used to develop the needed folds
ductor cannot handle the current load, two or and proper length. The exact location can be

more conductors should be used in parallel. In marked by pain* spraying. Dummy cable and
extreme cases, a power cable with 0.150 mil cen- final cable should be identified by numbering.

ter spacing or solid copper tapes should be used. Figawe 4 shows typical fohls to change direction
The fiat cables have a marking ahmg one edge and/or polarity, lYnshielded cable can stand
or margin for l)olarization purposes. Plugs sharp creases: shiehled cables amy be folded
and receptacbs have keys to avoid wrong in- over a l/_-inch diameter pin as a form tool to

_rtion. avoid d:unage to the outer-shield foil. Slitting
and bran('hing shouht be used only when noFIELDS OF APPLICA'IION FOR FLAT-CONDUCTOR CABLES
other practi('al way exists, b'i_lre 19 illustrate_q

This question is difficult to discuss l)ecause the a cable-slitting tool. Tt" _ table guiding the
polential use of fiat cables is _dmost universal.
It might be easier to point out tl,e few areas
where the fiat cable offers little or no advan- "::: -;I

tages. Insulated heavy power conductors are an ]_r f _
example. Voltage drop is of primary interest,
and permanent terminations rather than plug- _ • -':.

in connectors are used. Since weight savings •
ware of little interest here, fiiat cable will offer no . :,_,'

advanlage, ltowever, power lines installed a( _. ..j_,-
tim outer surfaces of sl)ace l)oosters can well Ix, _;- _/
flat. cables. Wide insulated Col)per stril)s ce- _._j_" ,,
menled to the skin, eliminating mounting and ,,: '

1)rotection hardware, will save weight and ,A. _,
manufacturing time. Flat cable ,nounting with _"
adhesives even on lox tanks has proven tech- _' 'J¢"

nically feasible. Another field where fiat cables _,
have no place is the transmi_uion of high fre-
quencies by waveguide plumbing. FtGtwm 19.--5'liLting tool /Dr cable branching.
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I

i

F,.6t RF.Ol.--Flat cables/or #rain qage appU-
catle,.

Table II gives some information on 3 adhesive

materials successfully used in cable mounting.
FIGVRE 20.--Flat-cable typical branch out. The bond strength was tested by pulling 90°

t,_ the s::bst:'ate al, a speed o i_z_0cm/min. Good

results have been obtained by the use of a

cable to tile rotating cutter is adjustable side- nitrophenolie resin for mounting H-film cable
ways to permit cutt;ng at any desired location, to alumio.um.

When slittiug is lteeded, it is advisable to use One c_ble with EC 1099 and another cable

cables with sufficient space between the conduc- with Fasson tape were cemented to an alu-

tors (0.035 inch, or better 0.050 inch) to provide minum sheet 1,5e indl by 6 inches by 48 inches
enough insulation. Figure '20 gives informa- and exposed to a weathering test at the south
tion how to branch out after slitting. The fold side of the laboralory building starting in Au-
should be made over the cable and tim branch gust. 1963. The outer H-film cable layer de-
safely taped to prevent further slitting or tear- laminated after ten months, but the FEP-

ing at the end of the cut. Figure 21 is a demon- bonded conductors stayed together. The H-
stration of typical strain-gage cable. Eight film and the core of the cable cemented to the

strain gages are connected to a single connector, alumintml substrate are still in place.

The final installation of the cables can be ae- Another test was performed with a Mylar
complished with pressure-sensitive adhesives cable using the same adhesives and substrate.

rather than using clamps, nuts, and bolts. The bond is still in good shape after over 1 year

TAI_LEII._Adhesives for Flat Cable In._talla.tlol_

Designation ] EC1099 Silastie 140 5277
., i

Mfg source ............... 3M ...................... Dew Coming ........... } Fasson.
Type, ....................

Nitrophenolic ............. Silicon ................. t Polyester.
Condition ................ Liquid .................... Paste / Film.

Application. _ Brush .................... "):rowel ................. [ Hand.
Mat. bonded ............. Mvlar, H-film ............ Mylar ................. [ Mylar, It-film.
Temp. range, °C ........... -i60 to +120 ............ --160 to +100 .......... --25 to +100.

Cure temp. Room temp ................ Room temp ............. I.............. Room t_,mp.
Cure time, hr ........... I

_4 .... t 24 ..................... 24.Bondstrength, lb/in ....... ;5_[_____ .... 12 ..................... i 10.
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FLAT CONDUCTOR WIRING SYSTEMS 91/

of exposure to the weather. Tile temperature "",
ranged from mbms 10° C to plus 50° C, and tile
huwidity cycled from dry weather to rain.

Other bonding tests were made at cryogenic I,, _k ' _,

temperatures l)y cementing flat cable3 to a
painted liquid oxygen tank (fig. 6). Tile cables I [.)__'_ "
were Mylar and H-fihn, each 1o feet long, and _.'_ - "

EC 1099 was used to bond the cable to the tank. _This test was continued over several months.
Tile lox tank was filled every Monday and "

I

emptied during the week, as rocket engines i.... ,_.

under test used the lox. Temperatures of the _.-g,. .
tank skin ranged from minus 160° C to l)lus _-_ _m_

30° C. Neither icing nor changes in cable

length due to exl)ansion and contraction broke \ _.-
the bond. These tests indicate the Ilracticality +_ .
of adhesive bonding. Testing is presently being

continued to improv,, h_:nd!iug technique and
increase initial tack of the bonding agent.

Saml)les of flat-('able installation are shown in
figures ".292.

ADVANTAGES AND LIMITATIONS

The printed cable, as it. was called in tile be- FI(II'RE 22.--('a_,t/ntwd.

ginning, was designed for u_ in a gs"roscope J_7____n i__. xN"

, .... .+ _, , , . , _:_-_- _-__ _ . I."

• m,,"*¢_.,,:z .-,_ _ _ _ ,

+""':' / IPl+

Fmum_ 2'2.--Typical fiat-cab!e installation. FIoun_) "22.--(' onduaed.
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TAm,_, III.--Welgh t-,S'rtc;ng Com pa,'ixon Data. Un._'h/eMed In._ulated W h'e

Flat conductor wir_, (Mylar insqlation) Stranded round wire (PVC insulation) Weight
savings

Size, Are:t, Weig, ht, Size, Area, Weight, Weight,
mils 10 -G m. _ g/m AWG # 10 -6 in3 g/m %

: 2X25 50 J 0. 51 32 50 0. 82 38
3X40 120 1.04 28 126 1.53 32
5X65 325 2. 38 24 320 3. 10 23
4X 115 460 3. 25 22 510 4. 38 26

an(l started in an effort to save weight and gain the flat cable very attractive. Yet the biggest

mechanical flexibility. By further develop- savino,s appear to be the cost savings. Table V
ment, application studies, and tests it was explains in some detail the cost of a 5-foot long
learned that the reliability was velT high. As cable including connectors. While material
an unexpected byproduct, a very substantial costs reduction from $33 to $2:2 in favor of the
time saving in manufacturing and installation flat cable is moderate, the labor costs are re-
was noted, duced drastically. The key is the almost corn-

Table III shows some area and ,eight-say- plete machine termination of flat cables as com-

ing figures. In most hand-laced cab,e harnesses pared to the hand operation of round-wire tor-
AWG 2:2 _as the smallest wire gage, yet elec- mination. The present limitations of flat-con-
trically, a much thinner wire would have been ductor e,'tbles are mainly due to lack of expert-
sufficient. Comparing a round AWG 24 wire ence by the potential.
with a fiat wire AWG 28 would reduce the

weight from 3.I0 g/m to 1.04 g/m, which is a Ecow,,omcIMPACT

reduction by a factor of 3 or a saving of 66%. According to information from the Institute
The 3ISFC flat-czble connector demonstrates of Printed Circuits, in the United States the

similar percentages. Table IV compares a 50- sales of printed circuit boards (etched and
pin flat connector with a 61-pin standard round

connector aud shows a weight s,tving per pin of TABL_ V.--C.o._t ,qavlng Darn on Cable
75%. Weight saving of well over 50% makes Harne._s

[Cables, 25 conductors, 5 foot length, including plugs

TAnLE IV._Weight-Savlng Data on and sockets]
Connectors

Round wire Flat cond.

Standard NASA cable (soldered cable (injectionconn. "M2 & potted) molded)
round flat Wei.ght 1 I
wire wire sawng IMaterial Labor Material Labor

26 pins 25 pin sl [ .....]I

2 Sockets .... I 16. 00 36. 00 16. 00

Total weight, g___ 74 39 .... 2 Plugs ..... ] 16. 00 [ 36. 00 1.00 1.00"

..............Weight per pin, g_ 2. 84 1.56 45% . i 5 ft cable_._ I. 00 12. 00 5. 00 --_1"00
61 pins 50 pins ........ [ [ Total__ 33. 00 84. O0 22. 00 2. 00......

Total weighL g.__[ 195 40 .... TOTAL_ 117. O0 24. O0

Weight per pin, g_ 3. 2 0. 8 75% I Saving ................. 80%
L
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drilh, d only without components) was at least of round-rabh, ronnectors will shriuk as _he
$_ million in 1.064. The estimate of ,_ales in tigures for flat-table eonl.._qors _row, aml tha:
tlat c:tl_les for 1!_(i5is .qlO million. The use po- with the d,'aslie reduction of labor cost for fhtl
tential is $111(1milli,n per ve;lr ;tt prt,._el_t, e_tble termin;ttion, the ¢'ost of ;t ('OlllI)h'led [l;it-

These fig_:res do not im'lude sa!es volume of ro_(- conductor eahl_ harness will be hMf as much ;_
hectors. It can be expected that the .sales tivures the cost of a ound-wire harness.
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22. Nondeslruclive TeslingmThe IGmd !o Quality

J. E. KINGSBURY AND W. N. CLOTFELTER

Gvorgv C. .llarshall Space Flight Center, N,tS4

_|'11(' (IPIIHIII(] fog ltiq'|'ev|i{_ll ill [In, lllilllIliql _])IIt'P pl'o_l'lllll h{l.", btq'II rt,,_p{Jll,,ildt' I',tl .... ;I ittl'

_.tn(lio.'_ in the l('('hlti(llleS t)f II()ll-(l(,.,,|l'll(.|iv( ]3" t.v:llll;lltllff matt.rilll,, ;lll(l ill'lit [lll't",. V_,'I']I]

t'il.|i_)ll ()|" the iltl(,._rily (if lilt, c.Inldt x s3--|(qll.,, :|lid .,,l|l),-.y:.-ltqlts 'wi|]._,iil II;llll;ILSill_ Ill(' (qtlll °

[ttt|lpllt:4 llllill'l" ihVp-li_lli_ll i'-; it IIlll.jttl" l't'qllil'(qll_'Ill |'_tl" :',I)Ht't ' :Ig¢' ]iill'dXt,_lI "t'. 'l'ht, It;lilt'l"

l'tq'olllll,', tilt' devplopllnql, _ .f illlr;i,,qtilic., t,t]¢ly-l'lll'l" ,111 :Ill(1 illfFill't,d |ot'hlliqllO.,, II- :llqdit'd It,

-p_lt'p pl'_P_l'lllh,'-. _ixin_ :ldvalll;t_es llll(l lilililillioll _ -f lhe,'q" s V'qOllt,_ P'lrli(.lll_ll" ;lllolMb,ll

i-_ ph|c,ed o;l the ._olJ.4tivitv ,_f lilt, |tq'|llliqlleS di,'.cm_-tql, l..'XnmldeS q_f ram-dr, llvliXo

*t't']llliqilt'S al)pliell ill b_dh .-illlple llllll _'olnph.x llli/|ol'ill],': _llld ('_)llll)Olltql|'_ lift' S]IIIXVII 1_,

dt.qlloll'q rll|t, lht' Vel'..-'ltility of lhe |otd_. |{|'(';Ill'.:(, of tilt' widespl'elld tl..-t, of I'ildi_ffl'llltll 3" :ltld

111_, ffeln,r_ll fill 1 _lrily with rltdi.ffraphiv teehliique_...nly :1 limited dis_'ll-sion of tln,..e is

ilmhldo(l ill Ill(, p_ll_t'r.

M':m's never-t,ndinff .-(,arch for qu:dity has that th.se items which fl,. n.t simil:_r ones,
re,'eived it.,, n_ost ,qffuificant .qi|nulus fr,m ll_e w_,uld funi.tion ellil'ientlv aid pre('isely. The
National Aev,,n:tuth's :trill ,":,pace Admini.,tra- ..ncel,t if testin K to working' ,.end|lions has

t ion's llr,,ff|'am t. exllll)re t_IIF11111:11"_atellile: in t'el'taill m:tj-r limitati.ns (all of whic]l have
this In'Off|'am, the life _)1'mall is at .-take. When not lwen surm_mnted, thus requiring this OOllcept

the n.m.-tr.us Salurr: V l:um4_ veltil,le lifts t. still he used seM,tively) whi('h cause serious

itself :m,i its precious |_',nned ,,ar_o ponder- ,.,nc,rn its t,)its alqW.lwiateness. For example.
mlslv from the e:_|'t]l, lU'ldlnllly the _|'eatesl h,t n,_:t--_mnethnI wt, test it transistm'tc_sl)e('ified
sinffle ._cientiti,. a.llie_enll,nl in all hmn:_n Iris- e.nilitilms ll)ltl)times. This in no way :assures
tory will _',ur. ('err;_inly, th,,_e reSll, m-_ilde tltat on the lltttl le4 it will not fail. .ks a mat-
tot the .'xp_dh_iw.ffvam :_|'euot net.t,s-_arilv more lel" of fact. mdess we know the life expectancy
intt, iii-'en! llutn i_eolde who In|ild washi|a.g' ma- of the unit under lest (somethinff we cau only
ehhles, T\" set.. or mlnlero_l_ _tlter i'ousumer learn on |hal |rail hv testin_ it to failure), we

items, W]ml, tllell, nmke< this _i[_lll'll _ehi_.le iIi;IVwell lucre inl'reased the probalfility of fail-

different- so diffe|'enl, in fact, thai we are con- ure i_l"the unit 1>3 simply wearing it out. The
fidcnt that the mission will be a sw't'ess? There answer to assured quality of in-fliffl|t hardware

are several tliin.,ss, but hiffh o|_ any ]isl of items lie_ m n_ln-destru_'live testing.

that miff]|t l_e suff_'este<l is the qualit 3" of the P,y far, the ffreatest utilization of nlm-deslrm'-
vehicle. Rel'o,_,'nize, if you will, thai in thi,_ tire tel,llniques is in the vehi_'le stt'notnre. 1'o
lunar explorer weiffht is of utmost i|uportance: l_.int Ollt lhe devehqm_ent Imee of nlm-destruc-

t,herefore. (h,si_'n safely faot.rs cannot be larffe tire leelmiques, a shoM Ill years nifty, vi_tu:_lly

eno||ffh to illq'olllll for desi_'n :hid manl_f:u'lur- no ;Ioll-desil'llClive inspection llro0edures we|'e
inff i)|efli('ie|wies. To llSSlll'e IIl:lXillllllll tel|a- utilize(1 i)_the strut'( ui'al ;ISSelll!)lV (;'f |he l:_)'ffe_(

bility fl'om |||in|mum weiffh( in the st|'u('t:,rnl, 1,allisti_' mi,-sih, _hen mule|" deveh)lmumt it| (he

propulshm,and _'uidaneesvslems,some method l'niiedSlates.theIIedstone.Du|'in_'theiIi_ht

had tobe conceivedwhioh would_'iveassur|mce testof an earlyl_edstouemissile,a pr_qwlhml-

215
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tank 1)ressu,'e di_ol_occurred, causing the flight meT.itof new non-destructive techniques. Fore-
to he aborted. Investigations revealed that the most among these liabilities is safety. Safety
pressure drop experienced during that flight considerations require massive areas which must

could have occurred only by "l major structural be shielded at tremendous costs. There are,
weldment failure. This incident can be re- however, technical liabilities such as insensitiv-

counted now ,as the turning point in attention ity and, in fact, ineffectiveness of radiographic
to !he reliability of missile and launch vehicle techniques for many of today's needs. All of
sr,ructures, hecau_ investigation of sister tanks these liabilities and others not noted ,vere
to that which failed revealed serious weldment sufficient to initiate the search for new and more

deficiencies. X-ray was the tool used for the efficient non-destructive evaluation too___;.

investigation. Subsequent to that :_bortive One of the nmjor dangers encountered in pre-
flight, the Marshall Space Flight Center and its senting dat:t on non-destructive evaluation
predecessor organization, the Army Ballistic techniques is that the reader may be given the
Missile Agency, have utilized 100-percent non- impression that this or that technique is a pan-
destructive inspection of all primary and sec- acea for all problem solutions. Let it be clear

ondary stnl_turM fusion weldments. Interest- that each of the te('lmiques to be discussed has
ingly enough, no structural failure has been ex- application to certain requirements, but no one
perienced in any vehicle developed by this technique universally obviates theneeds-orany
organization since the initiation of the non- of the others. The most efficient evaluation
destructive evaluation procedures. These re- system may include all know non-destructive
hicles include the Redstone missile, the Jupiter techniques; however, until apI)ropriate tech-

C (which was the free world's first satellite niques for all applications have l)een developed,
launc.her) , the Ju_o series of satellite launchers, no system of evaluation can be completely
the Jupiter weapons system, and the Saturn I. efficient.
X-ray ._nspection techniques have been devel- Probably the three most popular non-destruc-
oped and used for 'these systems over the range tive systems in development today are ultra-

of applications encompassed by aluminum sheet sonic, electromagmetic (eddy current), and in-
thickness of 0.015 inch to solid graphite blocks frared techniques. We can state with certainty
16 inches tl,.ick. In the latter case, the technique that the full potential of these systems has not
involved moving the graphite at a predeter- been realized today. However, let us review
mined speed through a collimated beam of what we know of these syste:n_r and simw ex-

X-rays with a total exposure time of £b_ hours amples of how they are I)eing applied.
required for one complete radiograph. Time ULTRASONICS
consuming as this may appear, vehicle success
or failure was hin_o_d on the functioning of the Tim use of ultrasonic energy as a tool for non-
_aphite component, and subsequent to the utili- destructively evaluating stnwtural components

zation of this inspection technique, no tempo- has received widespread attention. "Ultra-
nent failures were experienced. As to cost, the sonic" is a term which defines high frequency

price tag on tl;e inspection technique for four somid 1)eyond the audible range. The term is

vehicle components was approximately $400.00. fast becoming a misnomer, because much is now

Failure of ODe such component during flight being done with sound in the audible range;
would have cost several hundred thousand however, for l)Url)oses of clarity in this paper,
dollal_, we shall l efer to all sound energy techniques as

The a,_sets and liabilities of radiographic tech- ultrasonic. Ultrasonic techniques are not new.

niques, however, are well established. Although If you have ever tapped a china bowl with a

it. is not the purp_,e of this paper to repea, t half-dollar to determine if it were cracked, or

them, it is important to show how some of the gently kuocl-od on a wall to locate a stud behind

liabPities a_ociated with radiographic tech- the surface, you have used an ultrasonic tech-

niqaes provided the stimulus for the develop- nique. Today's techniques are _omewhat more
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refined than these examl)les , but only because at the roqection points. By knowing the
tile3" use measured quantities of sound input to quantity of energy introduced and measuring

determine the precise degree of quality or lack tile o,,antu " received, we get a very accurate
of it. The basic laws of physics demonstrate reccL'd of the condition of the weld. This is
clearly that sound travels in straight lines, true because any energy lost can be attributed

Similarly, we know that sound ('an be refracted, only to a wehl defect wlli(.h has reflected the
refleoted, and absorbed in re.my different, but energy beam out of the i)_th into which it was

well-known ways. Furthermore, by using the direr.ted oril_inally. This is shown pictorially
analogy of throwing _Lstone into a lake, we can in figure 2. This technique, although n_.t new
show that elmrgy waves are l)ropa_zated in tw3 today, is widely overlooked. Tl:e technique
directions: that is, along the surface of the lake, can be adjusted to be :-ensitive enough to depict,
and in the direction of the st3ne's path in the metal grain boundaries or insensitive enough to
lake. Whether these waves are created by a permit defeots of almost any size to go tomb-

stone thrown into a lake or by a pulse of sound served. There is no p_._otical limit to the appli-
introduoed into a material is irrelevant. % the cation of this technique ; however, noie in figure

laws of physics. Therefore, we have two very _ that both crown and 1)enervation, top and bot-
useful means of utilizing ultrasonic waves in- tom, of the weld are not exposed to the ultra-
duced into a material, since the induced ener_o-y sonic beam since, if the beam does enter these

can be carefully controlled as to quan_it,y. We !_r,_t-usions, it is reflected out of the primary
know from tile study of acoustics that c_rtain path and lost to the receiver. One c"n p)stu-
materials arc more sound absorbent than late that a weld crack being m the plane of the

others: as a general rule, soft materials are beam would also go mmotieed; however, this is
better absorbers than hard oi,es. Finally, we not true. The corner effects of the crack, how-
know that sound is dispersed rapidly in air; ever small, will cause complex disturbances to
therefore, if we are to have aceura.te accounting the beam, effecting major energy h_sses. The

of the sound energy intr(xlueed into a material, iheory of this phenommmn is too complex for
w. ,st preclude exposing the energy, to air. this paper; it is sufficient to say that air-flow

_ll our basic knowledge of sound, h, w can theories apply ahnost directly to this situation.
we aVl:ly thi_ knowledge to useful, ncn-destruc- It is accepted that no finite thickness can go
tire techniques of evaluation? Figure 1 shows unnoticed by a jet of h;gh stream air, that is,

an application of an ultrasonic technique for without creating some turbulence in the air
evaluating fusion weldments. The ultrasonic stream.
energy introduced in such a manner that the A second use for ultrasonic-energy techniques
energy beam is reflected in a sawtooth pattern is the inspection of plate or complex su:4-ces.
within the materials, pressing througl, the weld- As shown in ,i_lre a, the ultrasonic beam can

ment, and then is pi,'::'d ,ap by a receiver, be controlled immediately under the surface of
Since metal is l)y far a _tter conductor of any shape by cttreful insert, ion. The impor-
sound than air, the ultrasonic energy follews tance of snrface scratches or other disccntinu-
the path of least resistance and stays within ities in highly stressed components can be
the metal rather than being dissipated in air shown by stress analyses and patterns which

TRANSMITTER RECEIVER TRANSMITTER [-LECEIVER

FW,t_RE 1.--Tra_mL_,_lon of sour,d through a Fmtr_n £._Nour_d reflection /r_o_ weldment

good weldment, detect.
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i ] A
(--- o /

TO TRANSDUCER I ..PCo,e _ / F\ "-/ 3; ....,

/nen.e v'il]l ..urt, we wqve_. ._i_lV_,J li! i?-_.//')

are easily cah.ulated. Studies have proven that / _ //I" \ F
eveu nlinute scratches ill a surface Call cause Ae.e,,.,/ratastrophic results. !t is important ill nlany IF

Mylar Core

al)l)licatio]ls to know not onh" that surface (re- sAlu.'ntn um ,llee t

feels exist (often xisible wi;h the unaided eye)
l)ut the depth of the def, ct in order tc determine Flovag 4.--Design of dual-seal insulation.
the '_l":)I| :heSS of t]ie defec: to the component.
As shown, the depth call be nleasured accu- echo to travel over the finite distances involved.

rarely, permitting a l_liable analysis of the Ultrasonic energy is int_'oduced at one outer
l_(lu,-ti(m ill Stl'tictul';ll integrity incurred by surface and reflections from this energy are
the defect, recorded oil a time scale. .qince we can calcu-

One r.f the newest uses of uhrasonic tech- late the time required for tlle energ_ to travel
niques is in exaluating adhesively bonded from the point of introduction to the various
honey('omb materials. Let us use the examl)le interfaces and return, tile existence of defects
shown in figaire 4. .ks shown here. there are at the various adhesive interfaces can lie re-

eight interfaces in a cross section of this conlpo- corded. If tile top joint is bad, there is no way
sit,: mater]al. The prohlem here is to lie able of evaluatint_ tl:e sullsequent joints until that
to evahIate all eigllt interface conditions accu- one has been rep'tired. IIowever, with most
rately. It is not enoilgh to know, for example, otiler techniques, it ]_-iml)o.-.sible to estal)lish

that tile adhesive is pr_ent at each interface, which of the eight joints causes the indication
but we must dctemnhle if it is adhering to ea?h of fault. ._.(hnittedly, this technique was not

component being joined, as sinlple to develop as may be indicated in
Before llroceeding with a discussion of one this discu._sion, nor is it necessarily tile opti-

;q)plicable technique, it is necessary to define mum technique for this application. However,
the material shown in figure 4. The face sheets, this example has been used to show the poten-
A and B, and tlle vapor !,arrier. C, are ahuni- tial of ultrasoni,- tec.lmiques for non-destruc-

num. 'File honeycomb. I), is a resin-impreg- lively evaluating extremely complex structures
nated fiberglass, and honeycomb. E, is a plastic, made with more advanced materials today.
The remaining sheets, designated F, are adhe- These are lint three examples of how ultra-
sire layers used tn join tile _arious components, sonic techniques can and are I)eing applied in

Al'hough there are several apl)roaches which the aerospace industry. Note that each tech-
could be utilized in develol)ing a technique for nique is utilized from one side of the compo-
evaluating this complex nmterial non-destruc- nent I)eing evalualed, which is a nl'tjor a(lvan-
lively, only one al)proach is described here. Ill rage in the,se and many other applications.

thi.-, p:utb-ular appro:wh: adv'mtage was taken Furthermore, it is important to mention that

of OUt"ability to ,..,a._,.we the timt taken for un tile evaluation results can be plotted in two
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planes with ea_-h of these techniques, thus l)re - (lesiral)le I)e('au:e tl,e l)reeil)itate does not form
sent in.,..,a record which can l)e interpreted readi- a contimmus network In,t has 1)een dispersed
Ix" by technicians. Finally. by prol,er use of into s,:!u;ion and i.- comained in lhc metal
pre,':dibration standards, the fallihiliLv of graills. By using eddy-e:)rrent technique.
hm,.an imerpretation can be essentially the_ diltmvn;e_ can be demonstrated clearly.
elin,inated. Similarly. degl_'e of tempering in precipitation

l,ardening alh,:'s ('av be me-,,sm'ed. As shown
EDDY CUIIIIENT in ligure 6. plotting the results of an eddy-

.k second non-destructive 1o(,i receiving major ,-urrem evaluation of the (legree of precipita-
attention t,)dav inv,]yes ele(.tromagnetic or ti,m lmr(lening which has occurred hi a given
e(hh'-,'urrent techniques. By exl,.sin.,_,electrical ,-()ml).nent is ,'lear and dramatic as to the point
e-n,hw( ing materials to a str,)n_ magnetic field, where the material ha.s been overheated.

ed(h'(.urrents are('re:_ted witl)in these materials. Ahhou,dl la,,,,ing ultrasonic techniques in

"l'he:e eddy ,'vrrents then estal)li4_ a magnetic deveh,lm_ent, eddy-era'rent tech ,aes are
lie!& ()f com.'se, if (lefe(-ts exist in the material,
n,) e,hlv currems will be created, thus at defect

I_,-ations there will i)e no magnetic field. By _!;_.-_'s,e::_7..-.;:>.':,"--.4_.i._._.':::'_..':i_-,_'-_-':_-'*"
•, _: . . .a,_ l --,_._.K #"¢, .'(..:.._[ -....,_.: t).. . .-g_.:...

measuring tl,e magneti(, fiehi caused by the eddy N::$:._._-L4"F,z-,"_..-.-::_,,:5_'.N'__.'__,,.':
c, rrents, it is a relatively simple matter to define __.'_...%_'_--: '-=--'.__:
the existence of defects. ¢."t_¢_'_.._!_:#_. _.. , p_,*¢_:___ g,_:,r¢_,__.

"_--a_-_-_-4_r_;_- _- ::",. :_, "."" "_'i ": ,_._,_._.k_%"_z_. _. _.g;/_;, __d._.

"1".(iemonslr,tte how eddy current techniques a_%_:,_ggya_,<,_:.._._ ..-.:_..:a'o_II_._.m_,._c__'_.*._,_i.

m:,v be al)l,lied. ,,e can agalll lise the problem _' _5_;_D::.: :'_,-Z_"--v_'_;__i_
L ,st- a ,_._ " ,;.,,1..t- x:=_;.;:7-. :k-_=_*. ,_ " "

mevti,)ne(i earlier in describing the application _ "_-'_-_-_"¢-_-"¢-::- .... :: ".-":-___
" _ _.,@_Y/;£_'i,-.-'-L:. 5-g ,.- ,. r,,-z._.:.=.,,_2:.:}_ea'g.'_t-:',¢g._t_

,)f ullrasonic tee]miques to deternline surface .-x.._'"'_.4___,,'"--,<..-_->:_-._-.-..,--_-_.,_-._v-.._.:_..--,._v_¢r._...-.,..... a-,.:--'._J_--_.-"
(l_fe,-.rs,w i,mnedi:tte-:ul)surfaee defects. Usin_ -_-1_4_¢_/_-" _-:->._.*:-:.<:,_:;'__i

,, • _.' "," ¢_ "0_ _'u-e -,. _'-.....
an ed(h'-('ur,'ent technique, large areas can be ..,¢._._:__
_anne,! rapidly, although with le._ sensitMtv ;.'.-.:lg.__._.t--_.-..-_ :-.._.5_-.m.D.,_:.6",____-_._
than with uhrasonie techniques. For example, • _ ":'- _-" " " " " "
a plate measuring eight by fifteen feet can be _ ...... "_'_ "- _" _*_ ""
scanned lw eddy current techniques, with

l)rOl)er tooling, in approximately three minutes; C_O0 D AM 355
whereas, the same task with ultrasonics takes

al)l)roximateh" fifteen minutes. This suggests _ v,:_-,:_..... -,.,,_.__._, ,._--_,,,-..,,::_w._-,_,,, .....

that ral)id scanning 1)3"eddy-current techniques, ¢.N • . "-"-",-:._ . _,.._L:'_
complemented by detailed scanning of only da- • " " _- "" " " "_ "* "'

fective areas by ultrasonio techniques, wouldviehl the re.st eflMent results in terms of time

which is. of o,urse, money. __II____" _.._
A second application of eddy current tech-

niques is the determination of the metallurgical

structure of a component. As shown in figure 5)

these two structures are representative of what

can be experienced in a given precipitation

hardening or heat-treatable material. The first
illustration is conq)letely undesirable because it

is highly susceptible to stress corrosion because

of the heavy precipitate formed along the grain BAD h M355
bmmdaries. For maximum stress-corrosion

resistance, the second illustration is the more FW,URE5.--Type,¢ of mierostruvture.

- 795-453 O-66--15

.at..-
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] ",, applying infrared techniques needs to be solved
_o0-_ to utilize these. This is not to say such prob-

i
, lems are minor. Since the measured media is

904 " heat, such things as local drafts can become
i " critical problems o_ application. However, the

,, simplicity of tile technique, once applied, is suf-

8c_' _ _',_ ficiently desirable to prompt de. elopment of im-

: !z,< _ phmentation methods. In tile case of a struc-
7o- _ \ ture, either a homogeneous structure or one of\ _ -

,'_ \\, well defined inhomogeneity can Le expected to
p__

eG_ _ \ conduct heat in a uniform or mathematically

i ", definable pattern. Any variations in the pattern\\

5o4_ _ at_ caused by inherent st:uctural defects.
Therefore, the introduction of a known heat

i pulse into a metallic or nonmetallic materiali
40 I 7UANACETEM#ERt-,TUF_C: _ , will result in a mathematically defned heat pat-o c._ o ._ o ._ o o tern if the thermal constants of the material

are known. By using infrared sensors, the

Fw.t'RZ 6 --Eddy current eraluation el precipi- actual heat pattern in the material can be estab-
ration hardening, lished and compared to the mathematically de-

fined pattern. A typical material which may be

quickly finding a necessary place in the non- appropriate for infrared analysis would be a
destructive evaluation of metallic materials, honeycomb as described earlier. The failure of

For obvious reasons, eddy current teetmiques adhesives to adhere to the materials to be joined
are not applicable to nonmetallic materials, would cause a significant change in the heat

pattern produced m a honeycomb material
INFRARED when compared to that. produced in a structur-

A third, non-destructive technique that only ally sound honeycomb material.
recently began to receive attention utilizes infra- A more interesting use for infrared techniques

red energy. Like the techniques discussed pre- appears to be in evaluating the condition of
viously, infrared techniques are not new. They electrical and electronic coml)onents. It is well

known that soldered electrical contacts, for ex-have been used in chemical analyses for many
years; however, application of infrared tech- ample, follow a well defined trend of increasing

resistance with time until failure occurs. The
niques to verify component integrity is new.

In simple form, infrared techniques capitalize sensitivity of infrared sensors is such that the
heat generated by +lee contact c .n be measuredon the fact that heat is either generated by or

can be induced into anything. The capability accurately. Therefore, by khowing the heat
of seusors to measure the heat has resulted in generated by a seund, efficient contact, one can

the interest in infrared techniques since meas- predict the life exp,,ctancy of any similar con-
tact simply by measuring the heat generatedurement of the infrared energy given off, re-

gardless of the quantity, is not only practical from the contact being evaluated. In this man-
but has been demonstrated. Calibrated in tem- ner, it may be possible to accurately establish

l)erature, infrared sensors have measured tem- the life expectancy of electrical contac, ts with-

perature differences in given structures of less out affecting the contact. The advantages of

than 1° F. Interpreting the meaning of this such a technique over the old method of t_sting

temperature differential requires a knowledge several times to prove integrity is clear. The

of the basic material thermal properties; data l)l'oi)lem of testing X times may result in failure

wlficl,, in many cases, is awtihtble in numerous on lest X+ l, the time when lmman life may 1)e
handbooks. Therefore, only the problem of at stake.
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The fact that infrared techniquedevelopn_ent tive evaluation techniques. In our world of
is in its infancy should no! limit consideration increasing automation, quality and integrity of
of the.q, teeimiques for eurrem aplflicatio.n , be- hardware is m'mdatory. No longer can the in-
valise lhe potential of infrared sensors for non- dustria! community list the excuse that. proper
des/ru,'tive evaluations is essentially limitless, and alq)rolH'i:tte methods ot" determining int_,g-

The practicability of these techniques provides rit 3 -'e not available. In fact, even the problem
the Imumlal T, not the ealmbility of the sensors of cost is not exces.,,ive if the principal cost. of
to detect heat. necessary equipment is l)roraled over the life

expectancy of the equipment and if the number
CONCtUSlON of lnanufactured-item faihu'es which can be

Non-destructive techniques for the (valua- a.verted l,y the use of non-destructive technique
tion of mamlfm.tured hardware need not be evahmtion is considered. In this day of era-
limited to items used in the nalional space pro- plmsis on quali!y in everything from toys to
gram. lmleed, few l)eol)le today have not ex- space ships, it is incumbent Ul)On industl 5- to

perieneed some probh, m in their daily life which take adwmTage of the potential offered by non-
could have been averted by lwoper non-destrue- destructive techniques.
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23. An Imln'o_cd _iml Sensor t'or Measuring %erlical
_ind "_clociiv Prolilcs aml Some PossilHeI

Commercial l_-sc,_

JAMES R. SCOGGINS

Gt,_rgt, (J. .ll_lrshall Space Hilzht (;enter, ._.-I,_;|

Thq. ;|lqq',,;I,-h I,, lht' d-w'l,,i,n._'ltl ,,f all ;I,-_-Ill';llt. ;Ihd ;l_q'J.t.vn;txHiq-;nlly -t:thh..-.t)ht.riq-:ll-
] I,:ll]-,,n wind _-,.h-,,r q.li:_tHtl.,,r,.t i- di>-u.-,.d. A ,'t,ml,:tl'i-,,ll ,,l" x_in,I nr,,tih.. ,m'a...urt.d

I hy lh,. lhl_in-,,1Hh. :/rid FI'S 11; I';id;IF .lim:14..r_. ln_qht,d.-, is I,l'e..-t,IH_.d. S,,IIIt' c,l" lho
l,,x.'-il,h' _-,,lnlx,t.r,-i;ll n.-q.-_i_f tile .|iln-ph_.rt. are di._qlS-:c_l.

1966008417-237



,2._.// SY_[P()SI t'._[ ON TE('I l Nt)LOGY STATUS A N I) TRENDS

from the, 1):dh,on. "The point of separation (,n basis of experinwntal data. Wind protile (lat_

a sl_here is a fun('lion of lhe Reynolds mmlber ol)lained by l)hot(,_ra!flling visual ._moke trails
wlJirll is (h,lim,d as (I[enry, et al., 19(;1) were used for cOral)arian.

,?e= p l'D 1)uring the coume of the l)rogra:n it was found
that _ sm_dl weight 'dtached at a l)oim on the

where e is the density of lhe air l" the th)w rela- sl)here was required to l)reven: th,: sl)here from
live Io ,he sl41ere, l) the di;mwter of ,he ._phere, rotating and developing un(lesiralde forces
aml _ lhe e(nqti('.iem <)f viscosity. The drag which cau_d lateral osriilations of the balloon.

z ferry, whirl, is l)ro(hwed I_y flow arouud the Description of the Jimsphere Balloon

._l)here is given I,v Fi_lre 1 is a plmtogral)h of the wind sensor
1"= 1/'2PV"-C_'A develo!)ed as a result of the exl)erimental pro-

where r :m(l 1" .:re as defined al)m'e, C, the drag gnun at the 3[arshall Space Flight Center and
roefli('icnt, and .1 the eross-se('tion:tl area of the Kennedy Space ('enter. The balloon is super-
sl)here. It. has been stated by Sclflichling pressurized sotlmt it maintaius itsshape during
(l!H;li) :rod others, that the drag r(Mti('ien! is a

'lscent. A ,_pril_g-;,)a(led valve maintains a
ftmetion of the ]_,,vnolds numl,er. For a

pre.ssure inside the balloon of approxim'_tely 6
sl)here at high Reynolds nmnbers (supercritl- mi!i?,;_rs in excess of the aml)ient pressure. As
c'fl) lhe drag coeffi('ient is small. As the tlm i .dloon as('er t_s in the atmospllere the ambi-
Reynolds number decreases, the drag coefficient

eL: l,ressure de(-_'eases and the valve allows gas

goes through a sharp increase in value (critical i ,cape, bu[ the l)re_suw, difference is main-
Reynol(Is number) and reaclws a rather large t:,. ted. _; ere are 398 conical roughness ele-
value at slnall Reynolds numl)ers (subcritical)
(*[ac('ready and Jex. 19(;4). The nature of the ments which :_;- " inches in diameter at the
flow-separation proce_q is quite different at bmse, 3 inche,: i.,_, :. _nd _,p,wed r.mdomly on the
SUl)ercritical and sul)critical Reynolds numbers, surfat'e of ilk, sphere. A 100-gr:m, m_lss of

lead shot is sewed into the load t>at<'h (halJdleCharacteristics of the flow-separation process
influence the forces which act on tim balloon

and, therefore, "dso the induced motions. At " ,
'-:'.4 4

sul)critical Reynolds numbers, flow separation _, Y 4 ,
takes place further up-stream on the sphere i. :
result:qg in a smaller variation in the forces. _" _, .._ • ", ._

Therefore at sui)critieal Reynolds numbers the " "* "5, 2;, • '*' *"
spherical balloon is more stable and gives a ., _, , . ._.

better indication of the true wind conditions. "_ )t- i_' 4"_ "The nature of the flow separation process can ", -,

be altered by the addition of urface )ughness -- -,, _ .) "_- ,_elements on the sphere. The size, shape, num-

ber, and distril)ution of the rouglmess elements ") _ .4 _ _f-'k "_
which are required to provide the desired type " "' ....
of separation and wake characteristics behind "" ' "_--t:_,--_':.'_'__.-:_'_ G" "_. _

the balloon were determined experimentally. " "-'"('_V*_ _.A 2-meter diameter, X_-mil, aluminized Mylar " _ ,_,-

superpressure balloon was used as the basic _.7_.__,4 ....-
sphere. Roughness elements of various s_zes
and nu.nbers ranging from approximately 200 FmURF, l.--The Jim._'p]_cr_:eonfi.q_,ration. The

to 500 wiih heights bet',veen approximately 1.5 ,_phere (_,ot ;ncludhff] t._,econ_.s) i,__ m_eter,_
and 3 in('hcs were molded into the l)alloon. The (6.:72 ft ) in. dl_q,mt.te.r ; ,'here are 398 f**ll con_s

rough configuration is now c'flled "Jimsl)here". ,ch/e,h are 3 inches h_ diameter and 3 in_.hes

The optinmn_ contiguration was selected on the ]_;gh. ra_,domly ._pa_.ed on, the sphere.
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for hohling the balloon) whi,"h 1)revents the when tile atmosl)here is un.-table there may be
balloon.from rotating during :light. The com- pronoun(*ed differences in |he l)roliles as meas-
bin'llion of surface-roughness tdements with the urcd I)y the two methotls. The detail motiol_s

spa('ing an(l dimensiolls as given above, and the 'Is measured bv the iml)rored system are iml)or-
lead shot to l)rovide altilu(le stal)ilization, pro- tant in de:dgning and operating space realties.
du,'e the desired sel)ara!ion and wake character-
istics for an aerodynamically stable spherical- SOME POSSIBLE COMMERCIAL USES OF THE JIMSPHERE

balloon win(l sensor. Improved Wind Profile Measurements In Aircraft Design

Examples of Wind Profile Measurements ]nlproved wind profile alld tllt'])llIenee meas-

Figure '2 shows a comparison of wind pro- urements are needed for use in the designl of ai_'-
files measured I)y the rawinsonde (GMI)) and (:raft in much the same way as they are needed
the, FI'S-1G radar/.limsphere lne{hods on the for tile desi_l of sl)ace vehi('les. Turl)ulence
day tile Saturn SA-9 was hmnched, Fel)ruary which "m aircraft exl)eriences in flight is due to

l(;, 19(;5. Fore" protiles are presented in the small-scale motions for the most l)art. Anyone
tigure; two for wind speed and two for wind who has flown through a turbulent region is
dire<'tion. The wind speed an(1 win<l direction aware that the aircraft responds to <'hanges in
llrofiles measured by the two metlmds are shown the wind field, and tlmt in doing s<) it experi-
on tile same graph over a limited "altitude range, ences stresses and strains that are _:ot ordinarily
The crosses ropr,.'sent the rawinsonde data, and experienced in smooth air. The aircraft must
the clots the FPS-16 radar/Jin_sphere data. be designed to withstand ,'orces resulting from
The profiles were not measured at exactly the all scales of motion :'egardless of where or when

same time and may be slightly different for this they are encountered. Atmospheric turbulence
re,'_son; however, the capability of the improved is produced and influenced by processes which

wind-measuring system is demonstrated. Much vary in space and time and which are not, well
more detail is presented in the FPS-16/Jim- understood. If detailed and accurate wind-
sphere data than in the rawinsonde data. profile measurements were made at several
Features apl)ear on the ,limsI)here wind speed places in the United States, for example, and if

l)Cofile between 10 and 11 km which do not vertical motions could be measured, it. would

appear on the GMD wind protile. On days provide data which would possibly be usef,1

13,000 _.. .: {. -I- = GMD DATA
"it . + _; • = FPS-16 DATA
.*'. ::.

_+ 4"'''.
._. + .'..'. +

o,
.o! : ,

I2,000 'q �""--I-.

"'--.'1" -I- ""."k .

4 +':'
11,000 /_" + "",:*

+ ,.":.. +j
E_ +..": -t-""

;'" " "< _. _...+
10,000 �............. _.

,, . o . .
g..'" . .._...
+ i " - .-I-. .

'_k. """ -I-
9,000 _ •, i"lo 20 3b 4b z40 z_o z_,o z'_o z_io z,io 3do

WIND SPEED (m/sec) WIND DIRECTION (dec.)

Fuu'lm 2._tVind ,_'peed and u';mt J/reel/on i)rop'/e,_ ,m_,_l._uredby th.e FP,_-I(I Radar/,lim,_phere
_t_(l Ru.';n._opMe(GMI)) m_'/hod,_at Cal: Ke_.ne(l!l, Feb ,,ar// 16, I/_65. 7'lu' I"I)N-16
m_asu.re_r_mts begun at 0525Z aTvt the Rau:b_s'onde at 0613Z.
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for imprrwing the design of aircraft. These Measurement of the Levelof Turbulencein WindTunnels

profile me'tsurements might be of p.,rticular Wind-tunnel tests are frequently conducted
value in tile (lesion1 and operation of SUl)ersonic using scaled models of aircraft, sl)ace vehicles,
aircraft which might have steep cli_.lb and de- or other aerodynamic bodies. The results ob-

scent, paths, tained are usually influenced by the degree of
j turbulence present, in the tmmel during lhe
- WeQtherForecastingImprovements tests. Smooth spheres have been used to deter-

I: Weather forecasts are based on wind data as mine the degree of turbulence presenl. This is

measured by the rawinsonde system. Withiu done by measuring variations in the drag force.
It is now known that these v.lriations may bethe United States there are approximately 100

rawinsonde stations which make wind-velocity due to the nature of the vortex shedding and
separation phenomena rather than turbulence.

profile measurements twice dailv. Many me- A rough sphere couhl be used for obtaining ac-
teorologists I)elie,'e that weather forecasts for 'l curate information on the turbulence level in

given locality could be improved if better wind tunnels. Figure 3 shows a drag curve measured
data were available. The data could also be in a wind tmmel using a scaled model of the
used for determining and predicting atmos- Jimsl)here , and a comparison with a dn,_ curve
pheric pollution conditions over cities, the prop- using a smooth sphere. The drag curve ob-

agation of sound through the atmosphere which tained from the rough sphere shows little scatter
might result, for example, from static firings of at the higher Reynolds numbers, and shows only

large space boosters, and to acquire a better un- a slight decrease in the drag coefficient as the

derstanding of the atmosphere and the physical Reynolds number is decreased. For the smooth
laws governing its behavior, sptmre, considerable scatter is noticed and the
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Fmtu_: 3,--Drag coe_cient ,ver,_',_sRe!/nolds-number curves for the Jirr_phere and a smooth
sphere.
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curve undergoes a sharp transition ill _zoin z Only a f, possible u_s , f the improved

fromhi_r]l to low Reynolds numbers, wiml sen_r are mentioned in this report.

BetterUnderstandingof Flow SeparationProblems There are no doubt many speeialize'i problems
which may be sieved by the proper qpplication

The flow-separation characteristics around
bhmt bodies is not well understood. For exam- of the k,lowled_e gained and the concepts em-

ple, a sl,a(.e vehicle erected on the launch pad })loycd in (|evelol)il)g the Jimsphere.
ready for f!ight may be excited and c,_used to

oscillate by the vortex-shedding phenome'ta RrFERENCES
which results in the presence of ,_ wind. The HENRY.ROBERT31.; ETAL.: The Smoke-Trail Metliod for

techniques employed to develop an aerodynam- Obtaining I)_aih,d Mea._urenient._ of the Vertical

ically stable spherical-':.lqoon wind sensor may Wind Profile for Appli(.ation to Missile-Dynamic-

fi,_d some application in sol;'ing such problems. Response l'roblems. NASA TN 1)-976. 191il.

LEvI'roN, R. : A Detailed Wind Profile Rounding Teeh-
CONCLUSION nique. I'i'o(.eedin_'s of the National Syml)osium on

The development of the ,limsphere has dem- Winds for Aerosimee Vehicle Design, Air Force Sur-

onstrated that the forces acting on a free-lifting veys in (_l)hysics. I (140). Gt,ophysies Research
Directorate, Bedford. 3Ias._a(.husetts. 1962.

or falling bhmt body while moving through a
flvid may be altered considerably. Roughness MAcCrtEZDY,PAUL B.; a,nd dgx, HE._'RYR. : Study of

e]elllellts al)l)arent]y create a turbulent flow and Sphere Motion and Balloon Wind Sensors. NASA

induce separation at a point on the bod 3 which TM X-naOS9, 1964.

is nearly independent of the Reynolds number. ScnL_C_rTV','c..HERMAN'N: Boundary Layer Theory.

The experimental test dat_ show that as the McGraw-Hill Book Company. New York. 1960.

surface rOllgbness of fl,sl)here increases at super- Scoc,c,L-,-s.JAMES R. : Aerodynamics of Spherical Bal-

critical Reynolds nllnlbers_ the drag force be- loon Wind Sensors. Journal of Geol)hysi('al Re-

comes more stable and larger in mag'nitude, and search, 60(4). February 15, l!:gM.

the aerodyn'unically induced horizcnta; motions scccc, r._s. JA,_,gs R. : Spherical Balloon Wind Sensor
are reduce,i. Behavior. Journal of Apl)lied Meteorology, 1965.
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24. Digital Evenls Evalua|or

E. F. BULLINGTON

George C. llarshall Sp.ce Flight Center, N,,IS,4

W! 'm ;t vt,hb.h, i: bein_ tented, 'tny fllh('liol} lhat i'l[llS('x H disvr{.tt, v.ltat_e ,.]_:ltt_t, i_

(hqi,h,t[ :tn :t "difftl;ll _,VplH". l:ttr t,x;llltph,, tz Fph y (,lo_llI'o t,,;Iv {'HIINO |ht, , _.(']|;1_(' HII ;t li;_'

ttp t.h:llaa- 'thrul,fly from zpl'l_ v.ll- {,, _ 2'. c-It< TI., t_-H_-Ii¢'l:_tH_'q' _lltt_ h.,. I,t.pll :Hh,Pl,,,t

xx'/.tzhl t,,;prt,._< thin ¢']1;111_l" IlS: lilt + ."l,_lttlS t_l" ltl(' _i,+'ll lillt' htl" <'hHll'--.'tql |'l'tHI, ",,I]"" Itl "(HI".

In vt.l:i+.h, <.}Jpvl,:oHl. lhP I'll;lll_l's lhtll ltlk(' phlt'o tm lhv di-f'rt'lt' lilw- t till pr, v,.Hb. lht' IP.l

<'ollllllt'IdW ',vilh Vtl!lltlbh' illfi_l'lHlltit,ll, ll.u'pver, il is iHLI,'I'tHiv_" lh;ll lhi'_ ttll',.l'tll;lliq.ll I'+'
._Vtlil.i:th' iIH .NIlIIIt_ fill'lit Ilf l'l'l'(ll'(| withill iI Slll)l't lJlllO ;l:l'll'l" IIt't'!l; "ll('t' Itl" lilt' i"_pll[, rl'hl":

;lllt_ ":n lid _'VIIIll;IIJoll o|' lht' I'tq'_l'd [t_ hi' Iltll(lt. pol'Jlttl vltlly (|lll'ill_" vht'l'],:_,l|l :lhtl :'P-Illl" ih

nl_tll'HtmlHm, bt'lllG d-li,'led ;1I lilt' ,,,:lrli(.sl po--ibh, lilup.
'l'h_, ..ci_.]Hili_" dal;_ -_. eln.,, di_2'il:ll i'l'lqll.¢ i,V;llll_lll_l' i:-. IIH, ]:11(",I pfi"Hrl iI_ lhi- liehl, ii1111

is pl'('S_'lHty ilt 11.',,1' oll lhp N'IIIII'II l. S;lhll'll ]l_. i'1111 Nll|lll'll 'tl" l_l'l_l'ltlllS.

SYSTEM DESCRIPTION

'l'l_e I)EE :_ i._ ld,ysi.:_lly cOn]l)O:edof :m per se,,,i.I. The I)EE-:L_. inpu//o_flpi_t ('apt_-
SI)S--!)lt) _-,di_l<_:,le,,.,_.t,_e_tt,r3",diffilal ,'o]H- !,ilities differ t'v,._ lftc I)EE 3 it, Ilmt the IBM
Imlt-t'. :,n_l a...so_'i:_t('dciveltitry. This :_ssoci- Seh,c_vicTylwwriler h:H l_,t,_ r_ph_eedby the
ale(I Hvcuilvv is u...ed1o inq)lemem the s('a.- Teh,lyl,e M._lel :_,_Tyl){_riler. which ha: _+
_i_,,.._"_.al,d,iliti,s _,t'the I)EE-;I s).sl(,m._ivin_ -[.,.,I ,,f 1__,.1_;_':_,._,:',I,eV.'-' '_,l_(l. The ('al)a-
it :__.:_i_:_l_ilit)"ot' n,,onitori_ up to 76,_input, 1,'li_,vof t'e,,,ling"11.,Tch,tyl_eTypewriter _H:d
li_e,.,:_d e_:,lu:fli_ di,...it_devenl: that occur the 'l'_dlv l':,i..,'r 'l':_pe l'ut.'h with the s:;me
o. :_.y ,_1'lhe i_ll)l_l !i_es. This e_'_du:dion, 1o d:_l:t h:P_1.,e_l i_._Vl.m_/e_l into t!;_; _I)I':E-:_:x
:_g't'_':ttdelft,e, depeHdsHI)O_test reqHi]'m_enls, sv>lem. Tlli'_ t'_qllIIl'C I)t'z'l)_];> lhe siltlH]l;lllOOllS

lml _':ltt i_,'l_t_l,'.'-u_'hl} i-,,..'._as" tol:H "o_:" tinte OUil_Hlto two,rec_n'diiL,:_h,xic,.x,lhus de_':rt.ash_
o]1 i':tt'}t liIH', lola] 11111111)o1'of oil ,:ot1' cV¢lt'S oll I110 I.,_...il_i!ii._ _,1'l_-_in£" .l:ll:t 1)l.,_':l.llSP (:.f ;I.11 Ollt-

e;.'l_ liue. ,,..t'llll('llt't','.;(if _1"o11[),,-;(if 0v011_s.pl'o- pm ,h'vice failure.
o'raIZtslop Illllll',t'l', :llZdthe like. b:xierz_;tlt'_lZl_et'ti,_zl: for lit(. svs(elll ;ll'P F0.-

lnzl_Hl_)u/plH,':_l.d,ilitie-_of the I)EE-:_ sys- q. iw'd _lx" t'_r the input li.es _hi_'l_ave to !_
le]t, :_vei_,_lHt'._eme_lI_y:_n [nleYzmli,+,mz] Ih,si- n.milm'_,d..;ml I'_r lhe ;Hi)t_l Ol_er:_/in_ power
ne-s Machines Seh,,'/rh. Tyl)e,',r]ler. a Tally to ll_t. sv...ten}, lnpul 1)t.werYequin.ment._:'re
Pal_eV'l'_l)e Pm.'h. a_d a I_.heemPaper Tape l lt) x'olls, ..il_gle 1)h:tse,t';(_eveh,sper second.
lh,ader. The I._l,er l:;pe l)m.'h is _,al.ddeof '1'1,_.i_iml i )(J_(,I1 is [1_,(It.i_l(l(lthrouch tv-o r,'-
OU/l_lfllit_,,.."al the I'ale _t" (;t) charm'|el's pel' _'el_/:t_'h,swlti.h ,.&ouhl 1., lH'olecled wilh eiv-
sere)rid :_._1is m.H_ed i_ lhf' il_ai_l r:wl.'s of lhe _'uit lw_,_kt,rs of :lit-amperecapacity.
svslem. The llheem l',al,er Tape F,eader, also The input li_.,s I. 'ta, -_:tem are terminated
n_,mt_le_li_ tile mai]__':_,lcs.is_'apaldeof tea.I- :tl, a I_ulkhe:.l a_.l _lislHbuled I_ the inlml
i_r I._per l.)_e at the l';ltt' _'t' ;'_(lll i'lllll'_ll'|t'l',-:, p01' till_'rs l_v _,_,;_n._,>t'mo_',tl,,tevmi_laled :'aides.
st,_'(_ll_l.'l'l_e inpul 'olllplll lyl_t.u'rih,r, which ,'t_v _1'_lle itll_Hl n,oduh'snl_:,x"1,ereld:,,'ed h,'
is mom_led_n a table immediately adja,,ent t<> a Sl_eeialtest m_duk,, whi.h is .omwt'ted to a
the main rail<s, is c.q>ai,leof a<'eepti:_g"input or tes! panel _tndallows any of the input lines to
O.tlmt inform_tion _t the rate of 15 el_ai-actel's he che<'l{edmannally.
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_30 sY._tPOSI(_I oN TECIINOLOGY STATUS AND TRENDS

SYSTEMOPERATION illg presented to the cOml)aralor circuitry, the

A bl(_.k diagrmn of the I)E],:-3 system is c°mputerpr°gramlsl)resel_tii_t!w'4atus°fthe
shown in fixture 1. It should be noted that the same group of lines during the previous scan
COmlmnent.bl(x'ks in this diagram are composed, cycle to the opposite side of the colnparator.

;,l part, of actual hardware circuits and pot'- This information Ires been retrieved fr'_m the
tions of the core :nemory reserved for the DEE- l)revious scan cycle memory portion of the corn-
:' program. The inl)ut circuitry, the compara- puter memory. Fach inpttt line is normally

scanned every 4 milliseconds. If the present• tor chassis, and tim control chassis are all sys-
tem electrical COml,onents. The previous scan :' ares of e:wh input line within the group being
cycle memory and the output buffer are pro- te_stc! compares with the statas of the same line
grained tables set ul) in the core memm T to during the l)revious cycle, no action is required,
f,cililate processing of information concerning and the scan then advances to the next group.
the digital inl)UlS to the system. IIowever, if tile status of any line in a group has

The svsteln design requires that the operatiun changed since the previous scan cycle, a digital
procedures follow through three basis cycles : event has occurred, and action is required by tim
(1) scanning cycle, {_) alarm recording cycle, ._v_tem in or(lcr to l)rol)erly evaluate the event.
and (3) output cycle. This action is discussed in tim following para-

graph.
Scanning Cycle

Alarm Recording Cycle
The inlmt lines which the DEE-3 is to

monitor are divided into 32 groul)s ,)f 04 input If a digital event has occurred on any input
lines each. The system begins scanning with line in the group I)eing tested, a sigaml is sent
group 1 and proceeds through eat.h group from the COml)ar'ltor chassis, through the SKS
of 24 inlmt lines until all 32 groups have heen (skip if signal not set) control lines to the com-
._'anned. While any group of inlmt lines i..:be- puter. This signal will force the computer into

a program whereby it will store four computer

/_ r-_- _o,_,_,_ ._--_ "_"°_!_ _,_._, words, each con,aining information about tlle

.t_,_ digital event, into a ;)or+ion of the core memory

called the chang, buffer. These four words
are: (1) the time of detection of the event, (2)

0, -- an index nulnber de!ining which group did not
= coral)are , (3) the present status of the 24: inpuis

; 15___.__ _'"_- to the group, and (4) the previous status of
• the 24 inl)uts to the groul). In addition, the

l_-- l)resent status °f the group w _-Ibe used t° uP-
date the pre_'ious scan cycle memory and as a
basis of comparison for the group during the
next scan cycle.

If no digital events are detected during a scan

cycle, the time required to scan all 32 groups is
1.9 milliseconds. However, this time period is

._L,SE¢O__ ! extended 300 microseconds for each group of in-
c_o¢_ J i OL._T B_E_ J puts in which an event occurs.

After all 3z input groups have been scanned,

there will usually be some time r_maining be-
_ fore tim start of the next scan cych. This time,

[ _,,u, ] I "_"--'-'_ whicll witl be a maximum °f 9"8 millisec°nds' is,,,t-_,,t_ L..____J used for processing _lle information in the
change buffer and transferring it to the output

Fw.I:RE 1._Dee-.? block diagram, buffer. Where there have been changes, up to

t
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DIGITAL EVEN-rs EVAIA:-ATOR _°31

six groups may be proces_d for output during The formats for the various printout options
the remainin_ 2.S milliseconds of the initi_:l 4- are given ill figure O. For normal scan Alarm
Inillise,.ond period allotted for scanning and Printouts, tile format consists of a lille idenii-
in'(we._sing. It !lie total tilne allowed for pro:- Hcation nlllilber, on-oil' coluln:l giving tile line

e,_sing ('vent_ is not use(l, tile output cycle r, ro- status, and tile detection lime of tile event. For
gl';llll has flU Ol)portunity to function. This seqllenee :cans, the detection time will be fol-

cv('h, is di._'us.,a,d ill tile following step. lowed l)y all asterisk to indicate that the event

ootl,_t q,d, was out. of its expected sequence..

In tile output cycle, data stored in the output. _
buffer during tile alarm recording ('vole is con- 22;
vorted to ,i fm'nmt wllere it ,.an he prer,ented to a
sele,'ted outlmt device. Since tile output de- 011 OFT" 23.010
vices are relat iveh" sl:nv as compared to com-

l)uter speed, the outlmt cycle need operate only II 3 ON 23.742
once every few milliseconds.

Ill addition to the normal output, typewritten 156 OFF 24. 136
record or punched paper tape record, tile

I'EE-:; is callable of performing special output 192 ON 27. II0
functions. If at any time during a scanning
cycle, the operator wishes to know the status of
all input lines, he exercises the On Demand

Print ol)tion. When this command is given,
tlle mnni)ez.'s of tile lines that axe. at +28-volt

level will be typed out. However, previously
detected events already in process will be
iwinted out before the demand print is started.
When demand-print information is received by (a) Ala.rm, pr;ntout .format.

the operator, ev__n though it. may be delayed

by other printouts, it will contain lihe- _
status information detected when tile operator

initially exercised his key el,lion. Immediately ON 23" :30.004
following tile alarm recording cycle of tile On
I)emand Print sequence, tlle DEE-3 will return

036
to normal scan operation all:| continue to oper-

ate during demand 1)rintout.
If tile events in a given test are expected to 119

oc('llr in a cert'fin sequence, tile operator may

elect to ',:s,, tlle Sequence Scan Option. This 237
option allows for a table of expected sequence to
be sto_'ed in tile core memory a::d to be used in

comparing tile information on the table with [, 456
each event as it occurs. There are two st:r,- [

optionsto tile Sequence Scan Option. 'rile first [ 6a:'I)eing, every event that takes place may be

printed out, with the out-of-sequence ev,mts in-

dicated by asterisks. Tile se, m,d sub-ol)tion (b) On, dem, nd print.
allows for only out-of-sequence events to be

typed out. FmvaE 2.--Fornvat¢.
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_3;.,9 SY3IPOSIU:_[ ON "J_.'CIINOLOGY STATUS AND TRENDS

The ()n Denl:md Print contains the word other si_:nals from lines being tested within tile
"'oil,'" followed by the lime _lle eolmnand was group. If none of the lines in the group have
gn,,n. All lines that are in the "on" status changed in st'_tus since the last scan. all the in-
whell the COllml.'uld is given wi,l then I)e printed puts to _:tte (' on figure 3 will be logical one.,,
out. and the output will also I)e a one. This signal.

which i+ the SKS (skip if si_mal not set) line ofTECHNICAL DESCRIPTION
the computer, allows the COml)uter to proceed

t. A siinplified schematic diagranl of the with t(._tin7 the next gl'OUl) of inputs. How-
I)EE-:_ svsteln input and COml)arator n._twork ever. if there have been any changes in the group

is shown in tigure 3. Input lines are 1)rou,zht under lest. one or more of/lie inputs to gate ('
int, the system through a filter aetw_wk ilnple- will I_e loffical ze,'o. This will cause the flare
mt.lded l,.v spe_'al lnodulrs, ZX-30 aml ZX-31. C ,mr,mr to be a logical zero and the computer

Voh._ge on the input lines may vary from -50 will skip il:tO a subroutine bringing bo.ql the
vohs ,_ -.-50 vohs without damage to the input old and new statu._ (;f the entire "24 input lines
circuits components. In order to insure that in the group, along with the detection tilne of
random noise on the input lines is not recorded the changes, in:o the computer Change Buffer.

qs an event, input tihez.'s are u_ed to reject pulses This input subroutine requires 300 microseconds
of less than 0.5-1nilliseconds dln':uion, ttow- for execution before allowing the computer to
ever, any l)ulse greater than 2-millisecond du- proceed to the next grou I) to be teste_l. The
ration wil? I)e passed by the irtput fiher circuit infoi-::::,,ion that was stored in the Change Buf-
and presented to the COml)arator. fer is held t(,_ pnwe_,;in_ until the end of the

Froln the input tilter circuit, inl)ut status is scau cycle.

al)l)lied to an "And" gate (gate A in fig. 3) There are two progra,,- interriq)t elmnnels
along with a strobe signal from the computer used with the DEE-3/3A sv_te,:,, in addition to

portion of the system. Tiffs And function, the standard interrupts used with ti, _ SI)S-910
which selects the group of lines I)eing tested, is compnter. Interrupt channel 30 is used _o ini-

al)plied to And gate B of figure ::_,along with tiate the basic scan of the iul)Ut lines, norm,.lly
a siglml frmn tl_e COlnputer C register. The every 4 milliseconds. The interrupt pul_ _:"
coml)uter (' register output represents the pre- obtained I)v eountin_z (hnvn the outl)ut from a 1

vious status of the line 1)ein_ tested. If the kc o_illator. Interrup, ehaunel 3.2 is acti-

two siglmls compare, either 1)oth "'on" or l)oth rated by special switci_ on the inl)ut,,'output

"off," lhen a logical "one" is applied to And typewriter console which cause_ the eoml)uter to
gate C in figu,'e 3. where it is Anded with :23 go into an input subrouline, wherel)y the 6pera-

;_ !t.2 5 oSTR_.OBE

' ....... : lri} ----12 l I=I/ ,",,,._r ..

o_I ,- ...... , r .... ,--',
I | ...... _ I GATE 'A"

_,k,"....... l "'"'"" , ............ I ,so "e" ;
k ....... J I. ....... ,

FI(;UrtE q.--,q/mpl/fied s(.hemafle dlagram of hUntt and eomparator network.
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- J33DI(;I|'A|, i-;VEN'I,'4 I._VA|.I,'.%'|'()I:

tot J,"_v input .,-pe_'i:d _'omm:lmls into tile :v:- Fl,e I)I,L-.,,.,A systems ori,_imLly depended

t_,m. l".r ex:unpl_,, the ol ernt_-_r nm'_" reque._{ a upon an internal ,_-,.ilhllor for the interrupt

print of :ill ,,n lira,::, or h,, nmv wi: "_.to exer_'i.q, l,ulse._, whi_'h init hded the ._.:tn _'v_'le'_. .%.m_HI-

the' ."q,qm,nc',., .':,_':Ln()pti_,n. This i._ the nor- ili_'ation nmv exi._ts, however, whi_'h wil! _dlow
m_d xm.tl_od of nll;lll,:'llll|_']lille ('Oldlli;llli('_t|i()il the I)I':E-:;':IA to I)e openLted from :Ln extez'md

durin,....¢a _'ha._'kout Ol)ertllion. [illlill_ sollre(.'. This restllrs ill J)C'HeX" thl_e reso-
]ll|iOll ;In(1 a]._o. _'ives :ill llllt()lllll|i(' (']lllll_eoYer

CONCLUSION _.:qmbilitv to the internal os_.ill:_tor h_ the event

While the, inlmt"_JUtlm! ],_u'dw:u'e fer the line _,xt_,z'md timin_ source f_dl.,;.

I)I':E-'L%_ varies slightly from tlmt of the The._e _v.,,tems Imve been thoron,_hl.v l,roven

l)Ei'7-3, line s(';I.Illlill_ _'al_:LI4lilv is iml_h,mented in fa_.tol'3- (']le('koll! of the ,"gaturn .'g-I ,'qta_e

in _h_' ._:_me m_,nm._" ;m_l for :dl pnwtie:d put- "rod also h:we been used in the I:mm'h of a

po-,,s is identic:tl. S;_turn I vehi{'le :nt ]{eimedy .'gpa{'e ('enter.
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./._G ,',,Y3II'OSIV3f ON TE('II N¢)LOGY ,",;TATUS AND TRENI)S

OtscosstoN is forced through the meter by the [h_w of gas

The 1)re-:ellt devicOs fi,_edas lal)oratorv S|llnd- :tll(| |]lroll_h tile meterin_ iul._e until it reaches
nrds to ehe,k workhl,.._ meters are one of three tlle separator. At this point tlw Ilg slug sepa-

iy]>es: l'oto llleter,'_, orifi,"e I::,tel's. alld water- r:ttes "tp.dreturns via tile mercury return to the
del)emlent devices. Tile l'Oto lllelel's are lhnited mercury reservoir for re-use. 'I'lte gas flows
in the lower limit (alq)roxinmtely 0.5 so|in), eontimmusly from the outlet.
lulve :t ('alibratioll del)endellt on ('O}lll)ariSOll The nleasllring fllllClion iS l,erforlned [)y
witll"motherstandard,and ,lyedepel_<lenton measurin_filethnerequiredfortheHg slugto
thephysicaleharaeteri._th'softhe_as. Orifice passfrom tilelowerbench mark to the Ul>per

metersor ofllerrestrictiontypesare alsode- bench mark. The previouslymeasured cross-
- • , sectional area of the measurinz tube and thependent on the l li3-_ieal ehara,'teristies of the

m_¢. Water di,_plaoement :rod so:q)-lml)lfle nleasured distance from the lower to the upper'_ bench mark is used to find /lie volume. The
methods are frequently trouhled hy gas
solul)ilitv and saturation problen_s, time of passage is measured. Flow equals

The new device, the Micro-flowmeter, is a volulne divided by time.

l)OSitive displacement device independent of The range of the instrument is determined
gas composition and feqiures an inherent eali- by the bore size of tim metering tube, and con-
I)ration dervied from measurable dimensions, yen|era time limits for Hg slub passage.

The upl)er limit of the useful range of the T_st Results

1)resent version is 'tbout 0.5 scim. The, lower The :2-ram Micro-flOWlneter model was sul)-

limit is a function of time and flow stability: _ected to several tests. Tests showed th:)t the

a 2-minute cycle yields a measured flow of 0.o15 upper limit was approxinmtely 0.4 scim. This
scim.

The Micro-flowmeter (figs. 1 and 2) consists _ • I

of an inlet, a mercury reservoir, a metering dis- _ _/ . .,I-_.
penser, and equilibrium chamber, a metering ......
tulle, a mercury-gas separ._or, an outlet, a mer- .k
cury return, and two bench marks.

The flow for the gas to be measured is ad-

In|tied at the inlet port, passes through the

equilil)rimn chamber, the metering tube, the • ,F?'_-
nlerc'ury-gas _eparator, and is vented at the ., ,

 llir
outlet p,)rt. The gas continuously flows . '

through this path whether a measurement is ' --.i_! *

being performed or not.
To initiate operai ion, the metering dispenser

is rotated one revolution. The total|m1 passes

a ln'ecise quantity _)f mercury fr_ "l ' the mercury
=eservoir to :he equilibrimn chal,,hor.

The amount of Hg slug disp_.,.-od is deler- -- .
mined by the porting of the mett._iqg dispenser

and is chosen so that its len_h is a pl)roximately "-

equivalent to the dia:neter of the metering tube. ..

Because of the high surface tension of mercury, _ ''¢ .

the dispensed Hg slug completely fills the in "'

side diameter of the equilihrium tube, sealing ,: :, " "........ ' . ,.

ille passage. .. ,:-_.,,:,.:.!_i!::....,::( .............
This llg slug seals the tube and isolates the

gas in front from the gas behiml. The slug Fi(uum 1._.l[;ero-flowmetcr.

1966008417-248



t •

X EW )I I( "R( _- H,( JW3ll'Yl'l:ll ,_J_'

lhnh was hnpos,,d hy lhe a,'curm.y _q"meashr- The wo"k;._z aecura('v _f lhe m(qer i: fnrlher
in,r the lime of I1,/_"slu_ lmS._a,_(,]n'lv'een bench affeeled bv tile use or absence of a era'reel(on

lit;If'l.:<. "l']li._ IlleaMIl'l,llliqll wa> Illllllt, "_ ;1]1 Vi<ll -- (of [lie a('lttlt] ll])SOIllle l)re,'.sHre lilt(1 |eltll)t, rll-

al ,d,_erv:flilm :rod malmal slal'l :tltll _lop of It titre of the gas in the Miero-ilowmt, ler. The
lime. (An aulunmli(" lit_wr _,,,hl eliminale pressm'e eorre(.li(m, which <'anapl)roa,'h 5 per-
hlllllall erl'ot's ;Ill(1 in,'re:lse ,lie :H'elll':li'v ()[ |1_,.' celll, llllIS[ inelnde :1 irtle-l)'trolneter reatlillg

lime mea_uremem, Iml wouhl not extend llw plus tile back pressure impo_ed hy the II_ slu_
ran,..,(,. AI hi,.,'h:,r veh,.ities tim II_ slug hi tile meter. The ba,'k pressure is eslinum,d
,,ow,mem would hecomeerral it'.) by obsevvin_ lhe height of lhe nmrcury eolunl,/

The loaer limit is di('tatod hy the stal_ility in the mercury return tuhe as eomlmred to the
of Ill{, tlow to be measured and ;he lmtiem'e of reservoir level. The back i)resp.re tends to ,'om-
tbe ol)erator. The meter it>t,]f has no lower pensale for a Irn'ometrie pressure of less than
limit, since it i:_a lmsitive-distdacemenl devi.e 760 m:n. The teml)erature correction, which
wilh mercury sealing the metered quantity. A seldom ex,.eeds :2 per,'eld, is obtained by ob-
lyl)ieal useful lower limit migl,l he a 1211-seeoml serving ambient lemperature in the work area.
cycle or a flow of (1.015 still1. The mass flow through the meter is so low tha!

Ac_.rocv it can be assumed to be/he same teml)erature :_
room ambient.

The fundamental aeem'aey of tile Micro-
flowmeter is ,t function of I)ore diameter aeeu- Computationof Flow

racy. hem'h mark dhnensional m'eura('y, :rod Each meter has a volume between I)ent'h
liming accuracy. The dimensions can be deter- marks thal can lie Cmnl)uled from a measured

mined wilhin -+0.02 percent. Timing accuracy diameler and length.
is -+1 percent when measured l)y a skilled Ol)- Flow can be computed as follows:

erator. This a<'euraey can easily l)e improved I" I'm. 7'._"
by a faelor o.' 10 hv v._in_ phoh) ('ells or other Flow rate=-- x -- x --
eh,clronie heneh marks. 7' P.,- I'm.

where

°°'_ " _-J_ .............. 1:= Volume between l)eneh marks_-.... I-" 2I:

"_q..(" " . _ ...... _,0,, T=Time of Ila slug passage between

__Q._, benel, markso,,_,_¢. _ P_n--l)re.ssm'e in meter (absolute)

"_ \ Ps= Standard pressure 0ff)solute)
Tin.= 5_emperature in meter (absolute)

\ '_' _7',=Standar(t temperature (at)solute)
,/_ ['!l '_: -_ Accura,'y when ,,sing this f(,,'nl,fl', is depend-

normal laboratory practice, this accuracy will
i be -+5.0 percent of tile reading.

Dirt. in the metering tube or (,ontamination

in the mercury can cause erratie behu'ior.

,:( )%'_:;_g, Anytime tile Itg slug moves in al_ erratic or.iumlly manner, and the flow is known to be
:_-'(_-'
!!:_]:, sfat)le, the llleter should be thoroughly, cleaned

, j/ by normal lal)oratory glass cleaning methods
_°'_""_"¢"""" ')__.j (such as a dichromate flush) and refilled with

!,;, . -.--_o_,,...,o_,_..,_. clean nlereury.

Long lines or a large connected volume be-

Fmt'rr: 2.---.ll;ero-flou',,.eh'r p;.'torial diagram,, tween tile meter and tile source of flow should

,L,.-
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be avoided. This causes an annoying time de- l)rimarily inte._lded as an end item meter to bc
lay between drol)i)i:_g the IlK slug and the st;_rt used for calihrating working meters. The

of theactual measured time. Extrenwl)" large Micro-flowmeter is already being used 'it
volumes can aml4if_; certain l_henomena and MSFC.

introduce eri'or_ of ,mk_lown magldtude. The upper limit of the range of the 2-ram
Mit'l',)-flowmeter is about _).4 s('im. Acem'a('y

CONCLUSION without corrections for standard conditions is

The Mi(.ro-flmvm: lel' was huilt aml tested aml better thalt ± 5.0 perceut of the reading. With
proved the most a('('urate of iwesent devices corrections for staudard (.ondilions, error will
for measuring small flow rates. The meter is be less than -+0.5 percent of the reading.
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26. Bello vs Joiuts, Gimlmls, and Clamps

C. M, I_ANIELS

Rocky!dyne Diri,_ion, North .4nteri"an :friation, Inc.

As all outgrowth ,}f lho I,'--1 _l:_l ,1-2 1 qtlid-pr,,,}ullt_ht rc_(.kt,t Oll_ille l)I'llgl';tltlq, thtq't,

]::l'_t' ll(q'll ;I ]_.illll 'llllqll". Ill |11¢'-l;lll' qll" liD+ ;IF| ¢)f I!+.tll% :IIt+;IN tt_" ]lq']illld<l'_')" xxhit.]l m:i,v IlH',¢'

Ittillz_ili<_ll iD _dh,*r il'dli<Iz'i4,. A'_ "1 lyph':ll 1'3._lllLI)h.. lh4, _ll't,:l +,f I.,lh_w._ joizlt>. _;Inl,M.

[ill([ I']lllllll_ [Ill _ IIIqql _t']qq'_1'l] riH. ili.-ll.....Jll]l. 1,'+.111. oXilllL|t]l'_ 111" lllliqlllg _ Ibi_I]ltxxN l'l+_[l*ilili_-

't XV,I ! ]lt'll+".I -Vt,I'I +,l' III i il tlIll'-lqill[ l'tl] :..';imh:ll ,h'x iu_'",, ;IIl{] <illO ! UI)_ _ t'Itl,ii I) lll't' 'h'":<'l'ibHl.

GENERAL INTRODUCTION TO BELLOWS JOINTS A UNIQUE UNIVERSAL RESTRAINER AND GIMBAL

+X,li<tui_l_l,r<q+ell:IIli ro,.kl+q eli,.u,'i!w Ira.,. nmn\ ],'lt,-¢itdv l>t,lh>\v- joiuts f<>t' dl+i_'t al+l>li,'at!on

re_tliir,'liil'lli', f_w_lll,'iii'_". ])ll,'lili_-ili lhis+':i'q, lift,t+ ttie ,'almllilitv <if ililixt'l'Sii] t'i',_,t't]Olii of

('till lie de-,'ril_t,_l :i'-, ;lit :'li_']ll-e_l h':tk-ii.,.2,ilt ]ill+-- liii:,x-tqii<,lil _liih' !>ei+i<_," i'e<lr:iilil,,l .l_i, ilisl :l+xittl

£tl+_t,, ll_ll:iiiv, ,l'cii]iti' iii _.i .... >.t.,.ii,,ii. _t_i<.!, is .,,t,lmi'tili_:lii, :iiitl It:ix-t, ,.]:'.--i,':l+llv llet, ii reql+iired

ctl+lltiillt, ill _ t._lill :iiliiil+,_' : il,1 ,.<lit t, t>x ill<+2'ti fluid lii_- 1o iil,.]ll<lt, t i_,> ,>t' ii _elil,i'iiil.v h01il'), tili(] I,ulky
der lll't'.',_tll't' t'l'tllii <lilt' l_,'al l_l!l I(_ ;ili<lliit'l'. (I,, li:illll'e, ll+.',l+lil+]l\' il,_']udiil7 _i,illm] l ili,Ts ill I_ te!l-

till t'll_'illt', t[ll_'l.-, :il't" l't+tltlil't+,] t',lr,'_t!lve) iil+_lht, _ioli ties. _l'_l']iel+t ."l+l_']l j,lilit- il+l'(_ adallie,[ t_i
lli'olit'l]:llil- fl'_llll tiii+ir <ItH';l_'t + ill+Ill.,> '(t tile :til't'l+'tl+fl <)l' tltH'tISiltit't + _el,h'It' ]ill+rtiwtl+l't', ill+e

]ll+ll+il[_iuh't-. :l+iill fl't,lii tlw I>illiill <llllltqs Io the weight ;film .,-ize <it" tl:;,-e t+Olii]><+iit.iil+ il+chieve
ihl+'U>l t'h:iuil_t':'. '1"1,,,,:tl't' ii]-<i l+'t'llUil'ml io fet'tl lilil.itlr .,-i.<,2"nii;:',tn+_'e ;filial l+lit.rt,f_l"+, ret'eive t' ,refill

]ll'<llltq]:l+il+l.-, lt_ I!it, _i,- _+.qlt,l':ll<il', <'_ll,+t,v lht, de>i_'n ,t_ii-i<lerltii<ln+: _',lliil)iit'llieSs of iht, ox-el'-

_'il+.,.,o't,llt,l'tlltll' t'kli:lll-i _:i-t,- Ill tilt' tilrllin+t' ilihg, till sl'/,l(>lll. ", |(:, whli'h illese : i,,i+', ;l+l+'t' allldit'tl is
tilit] I':IITV tile'!' _':t't'- I'l'+llii tilt' lllI'!illlt' ,,l+;tl,<'l ittlX'tq'>t'lV :'ll'e,'tt'd, :iS is the l<lt't] vt.ilit'le wt, i/l,t

lhi't_llT"]i tilt' ttll+'ltille t'X]ltl+ll-I <lul'i. lit till+ t'li'ol+'t lo lii_l+kt • II si_ilil],':ilii atl\-illl+¢t,-

Fh'xiililiiv iiiil+sl ],e de,'-i,.Z'llt'd into l'O_']';e t t'li- It+lit'lit in il,,..',lllle of ill,.' +'il'l (:l]" l_elhlw:- lie-

7ill+l, thll.til+ll,,' t'<>r +,,t'v01':l] I'l,:l,qlll,_. Tilt,l'll+ltl+] t'X- ]ill+](ti<,ri'S, ]_Ol']'_lq(l¢ll+t' ]ill.4 _]evehllled 't !;lii X'tq'Stl]

]ltlll>iOll tit" t'olill'li,'tion liillst lit, t't/ll+sit].t'l+'t'(1 It) ,ioil,I tlt'.',i<t,.t"ll _'t'l'_el':l+lly t'oliilli'l.'<l+',| of :l+ lmir <if

l)l'+'X'ell+l <lx't'l'.'-ll't"¢Sitl_Z +i[' tilt' till<'till,>._" t)i' its tit- l/i\t>tilll\" l+ilol+l+n+|t't| ll0tl+lll.'<, k!i<i'_vl+is ilS 'h,<x'+'illL, ill+/Z

ltl+t'Jitllt, lll l,<lint-, i.h,lh,,.ii<+il rt'-illtili<,2" !'i'(llii ]tl+'tl+iliS," I+_lsiti<iil+t,tl l+illt+!i t,il(']l tmtl <if :i flexible
• ' tlu,.q (ti/. 1). l%,'h+ pair ,f tie;till.,.; is l,ivuied

ol_ei'atioi_:l+l I(liidtii_.,' _'Olidilhlil.-; lilil>,l lit, :l+0eOlii- :iiloill tilt _l+xi-' !.oil+Ill!On _(i lhe lle:il+ii_. :i!id lhe

lllOdil+led t'o_' llil, .-qiliil, l'eil+SOll+.,,. Fh,xihiliiy axis I ,,.,.,,,>-I,,...:., t!il+_, !_"llil.,.; o,'t. Ol/]l<l._ite e.il+ds is iilll-

silt'ilid lit' ll+]hlwud l'<>i'tlu,'l in+tel+'t.han_'t,allililv, ll+l+allv ,.t,l++llClidiculal+'. Each+ SIX il;.eZi_,-___, lu'al+tl hit+.'-;
inslltlhilitlll+, iliid ell2illt, oF vehi,'le lilil+ill+IOlltl+ll+ee, it ii+l,,t'hli_l+it'ii] !it, l+llllxtllliv t,tll+lll;,,.Itql to tql+t'h of

()lit, wtlv of l.rovi<lil;IZ ill+is dlitq th, xihililv. . is its ell+t|s_ e:ll']i lie t,.,,+qt,lili:illx" l+,xlelltiS tixitll]\'..

with nletlll l_t4hlws. 'l'ht, dt,si_'n of lin+kil_t,s for tlll'tllt,.zh !lit, fh,xilde duet iiml hi+l<) ii+l+li_'(q'stil

those lleilows ln'<_,vitlt,stiii iillert'sl ilia' tiil+d ,1itti- t'olllitqq itlii x_,illl it+n+el+lift of olit. <it" lilt, SWilffZiil+/Z-

mill ch+Mhql+ge t'of liie de.,-;iT'lit, r. St, v,q.:i] Illiiqile lltql+ii'+ liitmillei's oil+ iltt tlllllosile end of lh+e fh:xi-

desiTli'-; dt, vel,lllt,d lIv ]_ot'lclqtl,\'lit' ",it+ th,s<.i'iht,d lilt, duul. 'rliiis, each l):iil+ • of lies <'<)llll+tq'let] iO

in ibis imper. :t sin+Iz]i_s_ in+.,.,'ili_'l,ean+i oil+oil+t,t,lltl of ih+ej<,in+t

'39
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leum, chemical, and heating fields. Tile use of

a device, such as the liakage described, with its
simplicity of construction and versatility of ap-

- ;f plic_tion, _xould undoubtedly be ,onsidered by

, . I //-_._ designers in these fields i_ it were known to

• ! /_
: fOlDED GIMBAL RING BEILLOWSJOINT

_t_'__ A common problew, with bellows restraints,

Z,_, _,, _-----__ both gimbal and hinge types, is that tile bellows
,__,., \ .-_,,-,_,,. pressure-separating load produces a reaction in

"_" \ ---- highly localized a_as. Ih closely coupled
\-'_"_" ducts, it is sometimes n_a,"y to locate the

FmusE 1.--Universal restrai.ner and jo/nt, flex joints very near to the end-connecting
bolted flanges of the duct. This nearness of the
lo_d-reaction point to the flange, does not afford

is connected to one end of each swinging beam sufficient duct length to allow the concentrated
on the opposite end. It is this intfrconnection load to redistribute itself circumferentially into
method which imparts to the design the ability the walls of the duct. Consequently, localized
of ach'eving all aspects of universal motion, loads are. applied to tile bolted flange which can

This novel linkage has application not only overload the bolts in tile load area or cause de-
as a duct-bellows tie, but al._ as a gimbal link-
ag_ for thrust-attitude control motion in a

rocket engine thrust chamber (fig. 9). This . _ "_
type of bellows restraint was utilized in the _ ,, .
lmmp discharge ducts of early F-1 engines

(fig. 3 and 4). In this particular application, II_.' "_'

the linkage was till across two individual bel- _.
lows sections which were connected with an in- _7." -I _.'_
tennediate spool")iece, although each bellows _ t#_-_'IL

can he tied as a separate integral unit. --_
Ti .t_ of tied-bellows joints in piping and

ducting has wide general use, not only in tile - -

Fmums 3._Swingh_g bean_ _oint on pump dis-

charge due. s of early F-1 en(/ines.

r ".:J

C_O[R _' _-
_'--* CHAMmE[R I.INKAG[

Fm_ 4._S_i_ bea_ jolnt on _p d_-
FmuRe 9.---Gin_bal Hrlcage for TVG. charge ducts of early F-1 engines.
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BELLOWS JOINTS. GI_'BALS. A._D CLAM'I_ "_-_]

tlt_:tion in tile flang,e, possibly allowing static- .--_". _ ._'r_il R
seal leakage. One method for alleviating this • " J
condition is the artifieia} ,:re.'qiol: of sufficient _ _[ll_'_/

duct lengih by ch_.desigll de._ribed. _.£-wJr_- _

The highly co,,centrated loads of co,_,'en- '_ " _"l,._] '_

don,1 bellows :_-.t_aints, as mentioned in the in-
troduction, would be allowed| to redistribute

: thenlse'..res circumferentialiy into the duct . '".'
walls, providing the duct. was of sufficient

: len_li. ..t. inethod for achieviiig the effect of " " " ___. >_

the desired lengfl_ in an actual short len_h is _"
to collapse or fold the duet wall in concentric _Wtal. _. ' _ -_:_*

: rings (fig. 5). I_ads concentrated in a point on ,
a member are distributed across the cross sec-

tion of the member, as described by a 30- to 45- • "- ..... " - -
degree half angle. This means that to dis-
tribute a load applied at two points on a :,'imple

_ cylindrical shell, the length of the shell must be
t a minimum of pi times half the radius. The a
< same effect is achieved by folding or telesccping ........
_ the shell on itself _ that the total lenglh of the

_- individual rings is the same, hut the actual Fxou_E 6._Cam glmbal integrated into large
len_h is eonsld_r::hly reduced, depending only adcarwed enyine a._,embly.on the diameter limitaiit,ns. The foldinff

process is feasible because the loads are dis-
: tributed at approximately tb_ same angle able-length limitations and timbal an_dar-d.e-

whether the part- is in compre._ion or tension, flection requirements, the bellows joint utilizing
This .:oncept was put into practice in tile lox this restraint has to be local.ted immediately on

• pump suction duct for test sta,d use with the the lmmp-inlet flange. An uneven, circum-
g-1 engine (fig. 6). The inside diameter of the l_erential loading of the pump flange eouhl not
duct is 16.75 inches, and it must withstand a be structurally tolerated by the pump. The
proof ,?ressure of 400 psig. Because of avail- folded timbal-ring desigal offered a design ca-

pable of providing timbal restraint and motion,

_.>_._._ while apl)|ying a tmiforn: circumferet_tial load

• into the pump flange. This design coucept
should have practical application in any indus-

.... ..._.._"_?_.,_ _ try in which piping or ducting flexibility is re-

_. HINGED BELLOWS RESTRAINT

_ "__"_ As in the case of the timbal bellows restraint,

____1 conventional bellows linkages for single-plane

i- angallation applications have been heavy and
cumbersome with the pressure-separating load
of the bellows taken out in highly localized areas

[ , ' * " " at the hinge pins. The hinged restraint de-

[ _ _tf'- scribed herein provides i:nprovements in the
deficient areas of classical hinged restraints,

Fxo_rn_ 5.--Cross-secUmud perspe,:ti_'e, col- namely reduction of bulkiness and weight _nd
i. lapsed g/m_a? rh_g. increased load-carrying ability (fig. 7).
3

I:
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bearing areas to reduce friction and increase

wear life. This design has been r'.xluced to
.......... practice in the gas-generator propellant feed

ducts of early F-1 engines. Figure 8 y_hows a
duc! assembly which utilizes both the. hinged
joint and tlle univ_.rsal joint. The hing,_-joint
desigu co:lid be utilized in any flex;.bie pip;rig

• ]_-_:_- ' _ system where compactness, ligh¢ weight, and

_ "_-_-a_ relatively low cost are ge:erning factors-in_ _ _L selection of a given design./--2 INLETDUCTS,A r._:LILOWSFORIrwL_IrlNGAPPLICATION

The pums-inlet ducte for the J-2 engine pro-vided a_ e-.tremely challenging design problem.

The overall length allotted for these ducts was

f"f wry short,.considering the deflections they were
asked to accommodate. The pumps for the J-2
engine are mounted diametrically opposit6
each otheron thethrustchamber. Becauseof

I this position, and the fact that thrust attitude

control is ael-_ievedby gimbaling the engine, the
inlet ducts are requ;_red-to accommodate ±4.5

_._._-.. i._. __ inches of axial travel and .±10 degrees of angu-
"_L

lax travel plus over "2degrees of torsional rota-
tion. The design feaLure that accommodates

Fiovm: 7.--Hinged bedews restraint, the to,'sional deflection is described in the next
paragraph.

In flexibile-du_t design, torsional loading

The transmitted load is distributed over a (rotation abop_ the duet axial centerline) is
relatively large structural area even though the
structure itse] _is not excessive in size. Both the frequently induced because of duct routing and

continuous anmflar characte." of the cap flanges _ .............. ' ...........
in providing hoop strength, and the bearing _
relation of the cap surfaces to the surfaces of _.

the annular groovesgive the assemblygood _ .. ._
load-transmitting capability and structural in .... ,_ ._ :_"

tegrity, despite its comparatively snmll size... , :: _:

The hingedbellows restraint is comprised of t( _ /

_. pair of retainers a_lapted for connection _. :.
within a duct, a bellows which forms a flexible

m

pressure carrier L_,tween the retainers, and re- _ 4
straining caps engaged within, grooves appro- _

priately provided in the retainers. A flanged _ '.

portion of the restrainer cap can slide within _t ill A._A :" "
least one of the retainer grooves so as to prevent _,_, ,,,,_mmmt_ll_,* _aJ
axial movement of the retainers while still al- _ _ " ........... _'

lowing relative anglflar movement. A lubri-

cant, such as molybdenum disulfide or Fabroid Fxoums 8.--F-1 gas generator feed line, witI_
(fiberglass and Teflon cloth): can be used on the hi_ged bellows res_ralnt.
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=- iv.duced deflections. B_llows are very rigid axld The _issol_-like linkages tying acro_ the
: fherefore, m_able ha deflect aad _lievc these othe,- bellows of tile as_mbly are, contrary to

loads. To Mlow torsional deflection, ducts are theic appearance, not torsional-h,._d carrying
,_ usually arl anged in a dog-leg configm-ation wifll membera, but are ant i-buckling devices for the

a bellows-joint in each half of the-leg. Tor- - abnormally long primary bellows of the as-
' sional lo_ting in either lmlf is absorbed by sembly.

angulur detl:-_tions of the bbeliows in the opposite Piping and ducting designers for commercial
_* half. In the case of the J--2 irlet, duct, applica- applications, instead of avoiding torsional de-

tion of thi_ desio-m soncept was not possible be- fiections, now have a design tool that they can

. cause of the short length ava.ilable and the use to reduce duct complexity, cost, and space.
4 straight-in ,'tpproach of the ducts. A unique This should be especially true in atomic energy
-_ bellows device was then developed to resolve and shipboard applications, where avails.hie

the, problem, space is at tt premirnum.
:_: -This problem was uniquely resolved by fabri-

. - ca'Jng a long, thin-wailed bellows, compressed PI_SSURE-VOLUmCOMPmSAnNOSmOWSsoDm
._ into a sho:t len_.h, which was contined by a The finger-compensator bellows joint _san ex-
: flanged lir.ka_e to take the pressure-_parating ample of a specialized design created to solve a
: load. and limit the motion so that the bellows specific ducting problem. In this case, a
_':.-, could absorb torsional deflections nnlv, (fig. o).. _ straight__ run of ducting was required to take =
"? In theory, a long, thin-walled tube compressed axial and angulation travel without imposing
._ into a short bellows can absorb the same amount excessive react ions on the a_tached-flangv_s. The

=_ of torsional deflection _ the same tube in its pressure volume compensating joint that re-
: full-length condition. Tim bolts holding fJle sulted (fig. " _• 0; has proved ,,_._,,.-ao-,,,,_-for the re-
-. two flan_ of the torsional bellows are loosely quirements while being used in the pmnp dis-
_ torqued so as to t_ke the pressure-separating charge ducts of the J-2 engine.

load, and allow relative tok-sional deflection be- As is common practice with pressure-volume
tween the two. The bolt holes in tim flanges compensating joints, this design atilizes a pres-
are slotted to allow freedom of rotation, and the sure (i.e., axial thrust) balancing chamber in-
fl,mge faces are lubricated with a dry lubricant stalled external to and concentric w.ith the
t_ further ea_serotation. The torsional bellows main duct bellows. This chamber is vented to

has a l_wer torsional spring rate than any of the internal-duct pressure and, since the annular
other bellows in the duet assembly and there- area (A,) is equal to the main duct. bellows
fore absorbs the t,ulk of the duct torsional de-

flections, thus leaving the other belh_ws of the ___A_N _I .__.__

duct assembly free to take care of th< axial and _- "
angular deflections. _nc'_, _ t

_ ",,a "" "" .... ' • • • _.."

- • • ,, ,I= ¢ k.i:"I ' t_M'_. ,
.. _,_%......., .......... ,,¢_,_. :. ,'.:I.... ....................... .r ... . .l

i , _. • • ,.i . • .,'" . ' • _...

• ' _Ji ' I" [ ,' '_ - _.." 1...
: : .,., ,;. :.l. I' _', . ..,/ •• ..,., . . .Ii , , , it I

., ,:..i:.,..,-,,• ,o,. -. ....=:. --.... .,. • : _ ,, ..., , "-U

'._ I__._,,_-o _,,.-._._ _._-- _o,.._.__ _ _ _ AIfA2

il Fromm 9.--_ross-se, ct_o_al view of J-f$ sue,t_anduct. Fzotr_ 10.---J-_ finger compensator.
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a_ (A_), an axial force equal and opposite to -enti_ _entral volume =of the engine to turbo-
,he pressure-separating force of the main duet pump and valving installation, ellmates a sound
t_llows is _hus created. The entire joint is structural location for conventional bel]-ch'4n_-
prerented from separating axially by the o_-er- ber, centrally located, gimbal block posit:on.
lapping fingers alternat_.ly tying across the Obviously the-most effieient thrust structure for
joint fl_m each fl_ end. Sufficient ._.learance this type of engine is a-cylindrical unit located
is allowed between fingers to allow required immediately forward of the thrust-developing

• axial mid angular motion. =section of the engine. These two factors logi-
There are many variations of this theme, cally led to the c_m-ring gimbal concept.

The primary use of the compensating joint is:to k timbal mechanism that can accommodate
retain a tension-type duct system in areas where this unique requ'_rement is sho'_'n inteL_ratedinto
limited space exists and axial travel cannot be a typical large advanced engine assembl-y in fig-
absorbed by angulation. By proper selection ure 11. This design, known as a cam-ring
of the cross-sectional area, the thrust force may gimbal, provides an efficient load path to trans-
be under, fully; or overly compensated so that mit thrus_i_loads from the advanced chamber
a compressive balancing or tensile load is ira- uniformly into tim vehicle st_leture. Compari-
posed on the system. _ son of the cam-ring gimbal to a conventional

: " pre_ure-volume compensating joints are bell :chamber gimbal, as shown in figur_ 12,

eommol_|y used in any industry where flexibility shows the obvious advantages of efficient load
in ducting or piping systems is a requirement, transmi_ion and reduction in overall length.
This design is a novel one, and is more compact Under an Air Force contract, Rocketdyne de-
in an axial direction than any of the classical signed, fabricated, and deli_:ered a 48--inch-
designs presently in u_, which should therefore diameter cam-ring gimbal with a 200,000-pound
make it attractive to piping designers in general, thrust rating. Photographs of this unit are

¢_ RIN_eIMBAt shown in fignre_ 13,14, and 15.
The cam-ring gimbal is a mechanical device

Future rocket en_nes with thrust chambers which Supplies the desired thrust-vector-angle
which utilize an expansion-deflection gas-flow attitude by rotation of two axially aligned,
principle (reverse flow, horizontal flow, an- large-diameter, wedge-shaped cylinders. When
nular, or spike) will be characteri_,ed by a rela- these cylinders (or rin_) are rc :ated relative to

tively squat appearance, as compared to the con- each other, the angle (described by the top and
ventional bell-shaped thrust chamber engines, bottom surfaces of the two adjacent cylinders)Shlce the introduction of these advanced thru_

chamber concepts, Rocketdyne has continually can change from zero to the desired vector angle
conducted analytical and design studies rela- in any direction. When the cylinders are in the
tire to methods for obtaining _hrust-vector / .- . -

control, that is, TVC. Results of these studies _-_-'_ _. _ ' i ; _._"_-_

have shown that the most efficient method o_ ,i"_ -- -_ '_'
obtaining TVC for large boosters and upper- '.y>].___"w?-:/--

• + t/ , "-_'-_--_= _ ,_b

stage engines is one in which the thrust chain- /__

ber is mechanic_tlly gimbaled to obtain the de-
sired thrust-vector attitude. Because of the

re_.atively large diameters of the advanced A \
thrust chambers, and the thrust load being \uniformly distributed over this diameter, a

need exists for an advanced gimbal mechanism /_____:, \
different from the conventional bell-chamber _--
designs. 1

The annular shape of advanced thrust-chain- Fxovu_ ll.--Gimbal mee_n_sr_ integrated into
ber concepts, usually involving allotment o_ the typloal large advanced engine assembly.
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_,_so _.,cu_T_._ _ •

_ SECONDARY THRUST STRUCTURE _ _ _" "

_'_@: _ / ADVANCED NOZZLE - ._;..,_-, --" -

: Fmums 14.'Cam-ring gimbal.
g-- -. CAM RING GIMBAL :

neutral position (with "parallel faces), motion- -' " VEHICLE TANKAGE

} of the thrust vector away from the neutral axis
E_: / ! ' ' "J f CAM RING GIMBAL _'-..

I j//_- ACTUATORS(z REOUeEO,-:-:-%_¢_--noccur in only one direction. This limitation-"_1 " --- ADVANCEDNOZZLE can be overcome by rotating the entire gimbal-
-' __._7 mount assembly to a new direction, but tiffs

_ (_'-_ _TURBOPUMP _

._. : requires a time lag during which no contr¢,l is
_ possible.
_ To overcome this ]imitation, the entire as-
_ FIGURe, 12.' Schematic comparison o/conven- sembly is mounted at an angle to the vehicle
r_: tlonal gimbal_ with a cam-ri_g gimbal, axis somewhat greater than the maximum

thrust-vector angle required. Vector movement
within the required region thus can be accom-

i. plished without the two cylinders becom!_ _
i_ r ..' parallel (fig. 16).

_c

-_,

._- . , .,_.,- _ -;.-:_.

• /..' i :. "- j

.- .. ?. _ _'_

I "
FmuP_ 13.--Cam-ring gimbM. F_(,_ 15..--ffam-_ng gimbal.

i "
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in turn mounted to tile nonrotating top and
bottom rings. A ball-socket-connected scissor
linkage is attached between the top and bottom
rings on the inside diameters of the rings. This
linkage prevents rela'Li.verotation between the
top and bottom rings (vehicle and engine),

: while also permitting full tilt'ng action of the

__ gimbal asso,mbly. The elect:it, actuators and

switch gear can be standard industrial-type
: motor-gear reducer units.

Other possible applications for this concept
_. include:

•1. & base for scanning radar:ah_enna
-. which must traverse in both azirauth

and ang_llation simultaneously
Flomm 16.---Four stacked cylinders com.pr_ig_7 " 2. A_ base for large tfilescopes which also

cam-r_] gimbal, must traverse in two angular directmns
3. A gun-stabilizing base:=for shipboard or

Actuation is accomplished by hydraulic military tanks =:
: motom. : The m0tor$ are geared to the, cylinders 4. A means for keeping any device level as

: through gear segments. The motors are con- _ =it moves over rough terrain; for exam-
trolled by a computer which translates linear ple, in the use of a crane on a hillside.
pitch and ya w signals into angular positions of
the cylinders. A NEWIIUBBERIZrDWIRE-MESHCtA:_9

' The complete cam-ring gimbal assembly is Rubber-cushioned clamps use-_ for support-
composed of four stacked cylinders (or rings), ing and maintaining separatioll of tube assem-'
The low cylinder is of constant section height blies_have been discontinued on the F-1 and
and Constitutes the mounting fo_ the engine or J-2 engines of the Saturn vehicle because of

their susceptibility to fire damage. The clampsengine cluster. The lower cyli,_dzr could be an
integral part of a thrust chamber if desired, were originally replaced with wire-mesh-

cushioned clamps which met the requirement ofThe two wedge-shaped rotatable cylinders are
p;aced above the lower mounting cylinder, providing a "fireproof clamp." Their lack of
Differential rotation of these rings causes the resiliency resulted in a loosely clamped joint,
lo_ er ring to tilt to the required g_bal-vector however, and vibration damping characteristics
angle and direction. The top (fourth) ring is of the wire-mesh clamps became nullified. This
also made a wedge, since the three wedges in situation led to the development of a rubber-
series accomplish the required total field of impregnated wire-mesh clamp which is now in
gimbaling with a minimum of rotating-wedge general use.

To provide better clamping characteristics
travel. The top ring is fixed to the yehicle or while retaining the fireproof properties re-
could be an integral part of the vehicle, quired, wire-mesh clamps were modified by im-

To develop a +--5-degreegimbal motor field, pregnating the wire-mesh cushions with a
the wedge angle is 7 degrees for the upper high-temperature ablative silicone rubber simi-
wedge and 6 degrees for the two rotating l_r to that used in the fabricatmn of armored

- wedges. The gimbal-angle vertex is approxi- electrical harness (fig. 17). The effect of the
mately at half the height of the gimbal. ,-ubber is to restore the resiliency required for

Drive mechanism for _he rotating wedges in. effecti've clamping.
volves a sector gear attached directly to each Measurements of torsional resistance was
movable wedge ring. The units are driven by made on 1-inch clamps so that quantitative com-
the pinion gears of electric actuators, which are parisons might be made between the bare wire-
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- _ Engine history has shown that standard
---_ wire-mesh-cushioned clamps permanently de-+ form during installation and engine operation,

.... thus reducing their effectiven=: .-"as a support-
ing meml_er and making them ineffective as+
vibration dampers..

__ Engine and l_.boratory tests also show that

J_w the wire-mesh-cushioned clamp can be signifi-

---_ cantly improved by impregnating the wire
mesh with an ablative silicone rubber (RTV

560), while s_ill retaining all the advantages of

: : its the barewire-mesh clamp. The additional costs
:f: " HlaH-TEMPERhIDRERUBBER. involved can be parti;+]ly absor_d by the re-

usability characteristics of the rubber-i ++ =

_,+ FmuRm 17.2-Wire-mesh Clamp. impregnated clamp.
": This clamp has utilization potential in any

+ mesh clamps and the rubber-impregnated application which has a high-temperature and

:_: clamps. Tests were made at both room temper- vibration environment. It is also resmtant to
;_j '-'
_ ature and at -320 ° F. Results fndicate that corrosion and zone effects. Some applicationsq,_

i_+,) the rubber-impregnated clamp has significantly, , in this area include shipboard applications; and

_ better clamping' characteristics than those of those in atomic energy power plants and

'_:- the bare" wire-mesh clamp, supersonic aircraft.

-k
,+
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